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ABSTRACT 
STORMW ATER QUALITY CHARACTERIZATION, MODELING, 
AND MANAGEMENT FOR THE GREATER 
MILWAUKEE AREA, WISCONSIN 
By 
Puripus Soonthornnonda 
The University of Wisconsin-Milwaukee, 2007 
Under the Supervision of Professor Erik R. Cluistensen 
Storm sewer pipes in the Greater Milwaukee area collect polluted stormwater 
runoff from land surfaces and deliver the polluted water directly to Milwaukee, 
Menomonee, and Kinnickinnic Rivers and Lake Michigan during rain or snowmelt 
events. Some amounts of sanitary sewage may on occasion get into the storm sewer 
system due to inadve1tent or improper connections. The combined sewer system delivers 
polluted stonnwater and sanitary sewage to one of the Milwaukee Metropolitan Sewerage 
District (MMSD)'s two wastewater treatment plants (Jones Island and South Shore). 
However, during extremely wet conditions, combined sewer overflows (CSOs) may 
occur. These overflows go directly into the rivers and Lake Michigan. Direct discharges 
of polluted stormwater and CSOs may cause local wateJways to exceed the National 
Water Quality Criteria (NWQC) for many pollutants, especially nutrients and bacteria. 
Meteorological data analysis in the study area was performed. Results indicate 
that stmms of a sho1t duration occur more frequently than storms of a long duration. 
There was a tendency that the average precipitation intensity is decreasing versus stmm 
duration, except for infrequent rainfall durations. The rainfall intensity averaged over 
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four rain gauges and rainfall data (2000 - 2005) was 1.35 mm/hr. The average rainfall 
duration was 8.42 hr. The antecedent dry period was typically from 5-25 days. Average 
rainfall intensity, total depth, and duration in the study area could also be estimated using 
the Interevent Time Definition (IETD) technique. The corresponding values based on 
rainfall data from the period 2000 - 2006 were 1.27 mm/hr, l 0.2 mm, and 13.7 lu·, 
respectively. The interevent time, defined as a period without rainfall, can be equivalent 
to an antecedent dry period. The average interevent time of 2.31 days was estimated. 
Generally, runoff from winter and spring was found to be more polluted than 
runoff from other seasons. The highest average concentrations of silver, lead, zinc, total 
suspended solids, turbidity, total Kjeldahl nitrogen, total phosphorus, E. coli, and fecal 
coliform in stormwater were found in summer. 
Geographic Infmmation Systems (GIS) is useful to determine actual drainage 
areas and runoff coefficients. Runoff coefficients for study drainage areas obtained from 
an optimization model using GIS land use subareas ranged from 0.162 (SWNB 11: new 
residential and open lands) to 0.697 (SWMI16: highway). In addition to the coefficient 
for the individual catchment area, runoff coefficients for GIS land use subareas ranged 
from 0.134 (residential) to 0.700 (freeway) and 0.801 (outdoor and recreational). 
The proposed load model was applicable to estimate the storm water runoff mass 
(kg) per event for metals, nutrients, and bacteria. Model parameters include the 
deposition rate (kg/ha/d) as a product of land use factor a (kg/k&vg) and deposition 
coefficient a (k&vg/ha/d). The effective area (ha) is a product of the drainage area A and 
nmoff coefficient /J. Other parameters include antecedent dry period td (d), transport 
coefficient c (cnf\ and rainfall depth (em) which is a product of rainfall intensity k 
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( cm/hr) and duration /';t (In} The load model gave > 1.0 land use factors from automobile 
related drainage areas for most metals, e.g., 3.33 (SWMI04: highway 794 and large 
residential area), 4.12 (SWMI15: I-94), and 1.60 (SWMI18: Miller Park east parking lot) 
for copper. Land use factors of E. coli were found to be greater than one from residential 
areas, e.g., 1.96 (SWMI!2: residential area) and 31.9 (SWMI04). 
A good estimate of the transport coefficient for individual pollutants is necessary 
because it reflects the removal ability of pollutant mass on surfaces. A wash off mass rate 
model was developed to estimate the transpmt coefficient based on the hydrograph. 
Transpott coefficients (cm.1) for metals are in decreasing order lead (6.10 ± 2.55) >silver 
(4.73 ± 2.44) > zinc (4.69 ± 1.72) > copper (4.59 ± 1.71) > nickel (4.49 ± 1.73) > 
mercury (3.45 ± 2.98) >cadmium (3.03 ± 1.34), reflecting a decreasing degree of particle 
association. For BODs, suspended solids, bacteria, and phosphorus, the order of transpmt 
coefficients are total suspended solids (7.16 ± 2.72) >fecal coliform (6.43 ± 2.79) >E. 
coli (6.12 ± 2.79) >BODs (5.24 ± 4.05) >total phosphorus (2.12 ± 0.907), showing 
increase in soluble fraction of these pollutants. 
Chemical Mass Balance (CMB) and Positive Matrix Factorization (PMF) models 
were applicable for identification of pollutant sources and computation of pollutant and 
flow contributions in CSOs. Based on overflow events dming 2000- 2006 for the CMB 
model and 2004- 2006 for the PMF model, three possible sources (stormwater, sanitary 
sewage, and groundwater) in CSOs were found. Between 27 and 56 % of the flow were 
from sanitary sewage and at least 26 % from stormwater with up to 8 % from 
groundwater. Metals and total suspended solids from stonnwater were found to be 
predominant pollutants in CSOs. Sanitary sewage contributed ::> 28 % of the BOD5, 
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ammoma, and total phosphorus in CSOs. The contribution of ammonia from sanitary 
sewage was relative high (2: 58%). While most fecal coliform bacteria (52± 19 %) were 
from sanitary sewage, the majority of E. coli (84 ± 21 %) bacteria were carried by 
stormwater. 
Sewer separation may be implemented to eliminate CSOs with high amounts of 
BOD5, ammonia, and total phosphorus in sanitary sewage. However, this method can be 
inappropriate unless effective BMPs that target removal of metals, total suspended solids, 
and bacteria from stonnwater are implemented in the separated sewer systems. Reduction 
of CSO pollutants such as cadmium, chromium, copper, nickel, and zinc may be achieved 
through periodic removal of sewer sediment. In order to reduce CSO pollutants such as 
total suspended solids and lead, it is important to implement stormwater BMPs prior to 
combining storm water and sanitary sewage, for example rain gardens, green parking lots, 
porous pavement, stonnceptor®, vo1iechs®, and downstream defende1®. Mechanisms 
and benefits of stonnceptor, vortechs, and downstream defender systems were described 
in this study. 
This is the first time that a major stonnwater quality analysis is perfonned in the 
Greater Milwaukee area. It is hoped that the findings from this study can serve as a guide 
for the design of stmmwater drainage areas and appropriate BMPs, which will eventually 
lead to improvements in the water quality of receiving waters. 
Major Professor 
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I. INTRODUCTION 
Humanity's earliest cities were serviced by sewer systems. The first sewers were 
built to drain only stonnwater runoff and followed the same idea as in Roman times. In 
the 1840s and 1850s, following the era of industrialization, the cities of London and Paris 
allowed the discharge of human wastes into stormwater drains because of the increasing 
urban populations. This was the bitth of the combined sewer or the wet-calTiage waste 
disposal system. Existing storm sewers were converted to combined sewers, and new 
sewers were designed to be combined sewers. This idea was also followed in North 
America including in Milwaukee, Wisconsin. Subsequently, stormwater runoff flow rates 
and volumes were significantly increased during wet weather due to increased 
impervious land cover and the decreased availability of depression storage such as natural 
ponds and wetlands. In 1994, the Inline Storage System (ISS) in the city of Milwaukee 
began operating under the Milwaukee Metropolitan Sewerage District (MMSD), which 
substantially reduced or eliminated combined and sanitary sewer overflows into the rivers 
and Lake Michigan. A study of water quality of the receiving waters after the ISS 
indicated significant water quality improvement (Ab Razak and Christensen, 2001). 
However, these improvements were not sufficient for local watetways to meet the U.S. 
Environmental Protection Agency (U.S. EPA) Water Quality Criteria for nutrients and 
bacteria (U.S. Geological Survey, 2004). 
The combined sewers are located mostly in the older sections of Milwaukee and 
Shorewood. They represent about 5% of the MMSD's planning area. The combined 
sewer system delivers polluted stormwater runoff and sanitary sewage to one of the 
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MMSD's two wastewater treatment plants, i.e. Jones Island and South Shore. However, 
during extremely wet condition, combined sewer overflows (CSOs) may occur. These 
overflows go directly into the rivers and Lake Michigan. Approximate 95% of MMSD's 
se1vicc area contains separate sewers. The separate sewer system consists of two separate 
sewer pipes: a sanitary sewer and a storm sewer. The sanitary sewer conveys sanitary 
sewage to one of the MMSD's two wastewater treatment plants for treatment. The storm 
sewer pipes collects polluted stonnwater runoff from land surface and delivers the 
polluted water directly to a river or lake during rain or melt events. Unfortunately, some 
amounts of sanitary sewage get into the stonn sewer system due to illicit c01mections. 
Sanitary sewer overflows can occur after leaky sanitary sewer pipes exceed their 
capacities during heavy rains due to infiltration and inflow (I/I). This I/I may also cause 
sewer backup in people's basements. 
Stormwater discharges are varied and include visible matter, suspended solids, 
oxygen-demanding materials, nutrients, pathogenic microorganisms, toxicants such as 
heavy metals and pesticides, petroleum hydrocarbons, other hazardous contaminants 
(NSW EPA, 2005). Dry deposition involves the turbulent and gravitational transfer of 
pollutants from the air to the underlying surface, unaccompanied by atmospheric 
precipitation (Hicks, 1997). A study of the chemical composition of particulate matter 
and aerosols over Edmonton, Albe1ta concluded that industrial emissions and 
transportation are the major sources of dry deposition from the atmosphere (Klemm and 
Grey, 1982). A study of U.S. data indicated that the amounts and sources of toxic air 
pollutants can vary geographically from city to city and from neighborhood to 
neighborhood and are strongly influenced by types of local sources such as motor 
3 
vehicles, wood stoves, combustion of oil and gas, metallurgical industries, chemical 
production and manufacturing, gasoline marketing, solvent use, and waste oil disposal 
(Hilborn and Sill, 1990). 
Wet deposition is a result of cloud processes that scavenge pollutants from the air 
at cloud altitudes and deposit them in falling rain, snow, etc. (Hicks, 1997). Studies of 
pollutant mass.loading in precipitation and runoff have concluded that most atmospheric 
contaminants are washed out during the early stages of rainfall events (Randall et al., 
1982). Moreover, the washout of atmospheric pollutants by rainfall droplets is very 
effective and may contribute to a first-flush effect, indicating that pollutant 
concentrations in the earlier part of a precipitation event are higher than in the later 
rainfall (Novotny et al., 1985). 
Street refuse accumulation is characterized by locally generated particles of 
various sizes on street surfaces. The general litter deposits (greater than 3-mm or 118-in.) 
in urban areas include debris, solid wastes, dead animals, animal excreta, etc. The dust 
and dirt (less than 3-mm or 118-in.) include pavement deterioration particles, soil 
particles, and small organisms. The rate of vegetation input, such as fallen leaves, seeds, 
and grass clippings increases substantially during the fall season, depending on density of 
vegetation. A study conducted in Etobicoke, Metropolitan Toronto, showed a significant 
amount of organic load from autumn leaves in an urban area (James and Boregowda, 
1986). The presence of phosphorus in the runoff is commonly attributed to its leaching 
from vegetation in addition to plant fertilizers. The potential phosphorus content of tree 
leaves and seeds is found to range from 1.6 to llmg/g (Waller and Ha1i, 1986). 
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Vehicular traffic constitutes a maJor source of pollutants in urban area. It 
contributes to solids (including fine particles) and many chemicals such as heavy metals, 
polycyclic aromatic hydrocarbons (PAHs), and deicing salts (Thomson et al., 1997). 
Additionally, pavement conditions also have an effect on pollutant loads. Sartor et al. 
(1974) reported that streets paved with asphalt could have a higher pollutant loading than 
streets paved with concrete. A study on the characterization of highway runoff in the 
Netherlands has indicated that the concentration of pollutants in runoff from impervious 
asphalt is significantly higher than in runoff from pervious asphalt (Bet·bee et al., 1999). 
In snow areas, deicing salts and sand are applied to road surfaces and sidewalks to 
provide safe driving and walking conditions during winter season. This situation creates 
increases of chloride content of the runoff. 
Pollutant buildup such as deposition, wind erosion, and street cleaning is usually 
related to land uses of an urban area and to the d1y periods between the rainfall events. 
The quantity of pollutants washed off the impervious area depends on two factors: the 
amount of pollutant that has accumulated during the dry period preceding a rainfall event 
and the characteristics of the rainfall, especially rainfall volume and intensity (Huber, 
1986). The pollutant buildup on pervious areas is not considered to be significant but the 
erosion and dissolution mechanisms caused by runoff are considered to contribute 
significantly to the pollutant washoff (Adams and Papa, 2000). The first-flush 
concentration is more influenced by antecedent dry period than amount of rainfall (Lee 
et. al., 2004). 
Many researchers have proposed stonnwater load models based on pollutant 
buildup and pollutant washoff functions. Sa11or et a!. (1974) found that the removed 
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pollutant mass on street surfaces was related to the volume of rainfall during a rainfall 
event by an exponential model. Alley (1981) developed an exponential washoff model 
for effective impervious surfaces, and the predicted amount of wash off mass was a direct 
function of the total volume of storm runoff. Charbeneau and Banett (1998) predicted the 
runoff load using event mean concentration for single-land-use catchments. Other runoff 
models have been widely developed to predict runoff volumes, loads, and concentrations 
(Brezonik and Stadelmam1, 2002; Niehus, 1997). However, none of these models 
specifically consider the influence of each of several dry periods before a storm event on 
the estimated load. 
Alley and Smith's (1981) model included dry period parameters, but it was 
studied for only nitrogen, lead, and solids, and for only a single land-use-type drainage 
area with little pervious area mnoff. Only eight periods of runoff were considered. Kim et 
al. (2005) developed a washoff model for predicting the mass emission rates of highway 
metals during first-flush mnoff. Their model contains four parameters, and none of which 
appears to have a direct relationship to land use or mnoff coefficient. Kim et al. (2005) 
stated that average daily traffic, antecedent dry period, total rainfall, average rainfall 
intensity, and runoff coefficient are the main variables that affect total lead mass load. 
Barrett et al. (1998) reported that a low mnoff coefficient resulting from infiltration 
produces a large reduction in the pollutant load ofhighway runoff. 
One main reason for previous load models' lack of boldness is the absence of an 
appropriate treatment of antecedent dry conditions, 1unoff coefficient, and land use in 
load models for various pollutants. Even though many computer load models are 
available, e.g., Modeling of Urban Sewers [MOUSE] and Stmmwater Management 
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Model [SWMM], Elliott and Trowsdale (2007), closed-form solution for simulation of 
multiple sequential dry periods and comprehensive simultaneous parameter estimation 
for various drainage areas are not included. 
The rate of pollutant washoff on effective impervious surfaces was found to be 
proportional to the remaining pollutant mass (Satior eta!., 1974; Alley, 1981; Alley and 
Smith, 1981; Grottker, 1987; Akan, 1988; Charbeneau and Barrett, 1998; Osuch-
Pajdzinska and Zawilski, 1998). Chen and Adams (2006) proposed a new pollutant load 
model from which parameters of a washoff rate function can be dete1mined. However, 
this model was developed based on constant parameters of the buildup function without 
spatial variation. In most cases, a study catchment does not represent a homogeneous 
land use (Butcher, 2003). 
There are few studies of pollutant washoff rates for residential and open land 
areas even though these areas are major sources of nutrients and bacteria in stormwater 
runoff (Bannerman et a!., 1993; Soonthonmonda and Clu·istensen, 2007). It is necessary 
to characterize pollutant removal during different phases of the runoffhydrograph. 
As discussed previously, the overflows have been discharged directly into local 
receiving waters during extremely wet weather conditions. The most common method 
used to determine the CSO pollutant source during wet weather conditions based on the 
mass entry-exit totals was explained in Gromaire et a!. (2001). This method requires 
measurements performed at different levels of the same catchment area with given 
rainfalls, and it can present results with high uncertainties, if it is applied to the large and 
complicated sewer systems. 
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Both chemical mass balance (CMB) and positive matrix factorization (PMF) 
models have been widely used for pollutant source apportionment in air (Cooper and 
Watson, 1980; Hopke, 1985; Lee et a!., 1993; Larsen and Baker, 2003) and aquatic 
(Bzdusek et a!., 2006a; 2006b) environments so that these models should be applicable 
for studying pollutant sources in drainage systems. Although the CMB modeling was 
done previously to estimate pollutant source contributions in drainage systems during dry 
weather flow events (Pitt eta!., 1993; Field eta!., 1994; Lalor, 1994; Pitt eta!., 2004), it 
had zero degree of freedom, i.e., difference between number of marker compounds and 
number of sources. Moreover, there is no evidence of any attempts for applying PMF 
modeling to apportion pollutants in drainage systems. 
This study includes characterization, modeling, and management of stormwater 
runoff quality in the Greater Milwaukee, Wisconsin. Meteorological data analysis in the 
area will also be perfotmed. The specific objectives of the study are to: 
1. Perfonn statistical analysis of stmmwater quality data, i.e., descriptive statistics of 
33 pollutants, comparison of stomnvater and CSO quality, stormwater pollutant 
trends, and seasonal variations of storm water pollutants. 
2. Estimate accurate drainage areas based on runoff coefficients using Geographic 
Infonnation Systems (GIS). 
3. Develop a stormwater load model for major 14 pollutants (i.e., zinc, copper, 
cadmium, nickel, chromium, lead, mercury, Ag, total suspended solids (TSS), E. 
coli (EC), fecal coliform (FC), total soluble phosphoms (TSP), total phosphoms 
(TP), and 5-day biochemical oxygen demand (BOD5)) based on multiple 
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antecedent dry periods and other specific catchment parameters, i.e., land-use 
factor, deposition coefficient, and effective area used in the pollutant load model. 
4. Develop a stonnwater pollutant washoff rate model for pollutant mass and 
concentration during a given runoff event. 
5. Estimate pollutant mass and flow fractions of stormwater in the CSOs using 
Chemical Mass Balance (CMB) with several degrees of freedom and Positive 
Matrix Factorization (PMF) models. 
6. Review appropriate best management practices (BMPs) for stormwater in the 
area. 
This is the first time that a major stormwater quality analysis is perfonned in the 
Grater Milwaukee area. The use of GIS to investigate the accuracy of drainage area size 
was demonstrated. An effoti was done to specifically address the influence of each of 
several dry periods before a storm event on the calculated load in the stormwater load 
model for mixed land-use drainage areas. The CMB model was applied to apportion 
pollutant sources of CSOs. Results from the PMF model with least squares non negative 
rotations were presented and discussed for comparison with the CMB application. After 
pollutant sources in the CSOs were determined, they would be used to quantify the 
fraction of pollutant mass and flow fractions of stmmwater and sanitary sewage. To the 
author's knowledge, this is the first application of CMB modeling to appotiion pollutant 
sources in drainage systems during extremely wet weather condition, and also the first 
application ofPMF modeling to appotiion pollutant sources in drainage systems. 
1.1 Study Areas 
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The study area can be described as being a part of MMSD's 416 square mile 
(1077 km2) planning area (Figure 1.1). The MMSD's plmming area covers Milwaukee 
County and parts of Washington, Ozaukee, Waukesha, and Racine Counties. Three major 
rivers (Milwaukee, Menomonee, and Kinnickinnic Rivers) run tlu·ough the area and their 
confluence leads to Milwaukee Harbor and Lake Michigan. On average, the Milwaukee 
River has the highest flow followed by the Menomonee and the Kinnickinnic Rivers. 
Lake Michigan provides recreational opportunities and supplies drinking water to 
approximately 1.3 million people in the Greater Milwaukee area. Only ten percent of the 
service area drains to the Mississippi River, with the other ninety percent draining to 
Lake Michigan. The area is heavily urbanized in the center but largely agricultural in the 
northern and southem parts. Two-thirds of the service area consists of commercial, 
industrial, and residential areas, including transportation infrastructure and recreational 
areas (US Geological Survey, 2004). Remaining areas are agricultural, forested, 
wetlands, and open water. 
Stormwater samples were collected between 15 storm sewer locations for the 
period 2000 - 2006 and 18 storm sewer locations for the period 2000 - 2002 throughout 
the study area (Table 1.1 ). These locations represent a variety of land uses (primarily 
urban in nature) with different sized drainage areas. 
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Figure 1.1. MMSD's planning area. (Source: MMSD Facilities Information). 
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1.2 Sample Collection and Analysis 
The sampling method used 111 this study (MMSD, 2003) followed 
recommendations for stormwater discharge permits by the Wisconsin Department of 
Natural Resources (WDNR, 2002). The first sample was taken at a specified time 
triggered by a certain water level in the stormwater sewer. The trigger point level varied 
from site to site, as a result of adjustments based on baseline flow. A second sample was 
taken 2 hours later. Sampling was conducted between April and November each year, 
from 2000 to 2006. The samples are analyzed for 33 constituents by the MMSD (2007a). 
Table 1.2 shows a list of sample analytical methods. Metals were analyzed based on U.S. 
Environmental Protection Agency (U.S. EPA) method 6010 (U.S. EPA, 1996), except 
mercury (U.S. EPA Method.245.1) (U.S. EPA, 1994). Standard Methods (APHA et al., 
1998) were used to analyze BODs (52 lOB), E. coli (9223B), fecal coliform (9222D), and 
TSS (2540D). Unless otherwise specified, total metals concentrations (i.e., both soluble 
and particulate fractions) are considered. 
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Table 1.2. List of sample analytical methods. 
Anal)'tical Method 
No. Pollutant U.S. EPA Standard Reference Methods 
Silver (Ag) 6010 U.S. EPA (1996) 
2 Alkalinity (Aik) 310.2 U.S. EPA (1983a) 
3 Arsenic (As) 6010 U.S. EPA (1996) 
4 Beryllium (Be) 6010 U.S. EPA (1996) 
5 5-day biochemical oxygen demand 5210B APHA et al. (1998) (BODs) 
6 Calcium (Ca) 6010 U.S. EPA (1996) 
7 Cadmium (Cd) 6010 U.S. EPA (1996) 
8 Chloride (CI) 325.2 U.S. EPA (1983a) 
9 Chromium (Cr) 6010 U.S. EPA (1996) 
10 Copper (Cu) 6010 U.S. EPA (1996) 
11 E. coli (EC) 9223B APHA et al. (1998) 
12 Fecal coliform (FC) 9222D APHA et al. (1998) 
13 Hardness (Hard) 2340B APHA et al. (1998) 
14 Mercury (Hg) 245.1 U.S. EPA (1994) 
15 Magnesium (Mg) 6010 U.S. EPA (1996) 
16 Ammonia Nitrogen (NH3) 350.1 U.S. EPA (1983a) 
17 Nickel (Ni) 6010 U.S. EPA (1996) 
18 Nitrite Nitrogen (N02 ) 353.2 U.S. EPA (1983a) 
19 Nitrate Nitrogen (N03) 353.2 U.S. EPA (1983a) 
20 Nitrate and Nitrite (NOs) 353.2 U.S. EPA (1983a) 
21 Lead (Pb) 6010 U.S. EPA (1996) 
22 Antimony (Sb) 6010 U.S. EPA (1996) 
23 Selenium (Se) 6010 U.S. EPA (1996) 
24 Total Dissolved solids (TDS)8 
25 Total Kjeldahl nitrogen (TKN) 351.2 U.S. EPA (1983a) 
26 Thallium (TI) 6010 U.S. EPA (1996) 
27 Total organic carbon (TOC) 415.1 U.S. EPA (1983a) 
28 Total Phosphorus (TP) 365.1 U.S. EPA (1983a) 
29 Total solids (TS) 2540B APHA et al. (1998) 
30 Total soluble phosphorus (TSP) 365.1 U.S. EPA (1983a) 
31 Total suspended solids (TSS) 2540D APHA et al. (1998) 
32 Turbidity (Turb) 2130 APHA et al. (1998) 
33 Zinc (Zn) 6010 U.S. EPA (1996) 
a calculated value from TSS and TS. 
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1.3 Measm·ement of Runoff Flows aud Volumes 
An area velocity sensor (Isco model no. 2150, Teledyne Isco, Inc., Lincoln, 
Nebraska) was used to measure runoff levels and velocities at study sites. The runoff 
flows, calculated by the area velocity module (Figure 1.2) based on measured runoff 
levels and velocities, were obtained during the period 2000 to 2006. The event runoff 
volume was derived by integrating of a runoff hydrograph tlu·ough storm event duration. 
AV Modul" ::,,,, 
II 
... J 
AV s~nsor .... ··:. ·')·.:·::.:·:::.:·:.~···· 
(t:::::::.J 
Figure 1.2. Area velocity (A V) sensor and area velocity (A V) module (Source: 
www.isco.com/). 
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II. METEOROLOGICAL DATA ANALYSIS 
The rainfall data from 2000 to 2005 for 4 rain gauge stations (WS 1203 at 245 W. 
Lincoln Ave., City of Milwaukee Police Station; WS1204 at 300 S. 841" St., City of 
Milwaukee Fire Station; WS1206 at 3626 W. Fond du Lac Ave., City of Milwaukee 
Police Station; WS1220 at 5635 S. New Berlin Rd., Hales Corners Village Hall) were 
analyzed previously by Soonthomnonda et a!. (2006). These four rain gauge stations 
(Table 2.1 and Figure 2.1) are at typical1ocations throughout the study areas. The annual 
number of rainfall events, average rainfall duration, and average rainfall intensity were 
computed based on the visual observation from graphs and tables. 
The statistical analysis of averaged rainfall records (2000-2006) over 22 ram 
gauge stations (Figure 1.1) using an Interevent Time Definition (IETD) as a criterion to 
isolate single stonn events from the continuous record are also demonstrated in this 
chapter. Rainfall characteristics, e.g., total depth, duration, average intensity, and 
interevent time, were developed to represent these meteorological data. 
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Table 2.1. MMSD's stormwater study sites and rain gauge stations. 
SITE 
10 
SWMI01 
SWMI02 
SWFR03 
SWMI04 
SWMI05 
SWM106 
SWM107 
SWM108 
SWWB09 
SWGF10 
SWNB11 
SWMI12 
SWWA13 
SWSF14 
SWMI15 
SWMI16 
SWWA17 
SWMI18 
Rain gauge 
LOCATION assignments 
LINCOLN MEMORIAL OR. AND CARFERRY OR. (Siorrmvaler d~charge to lake Mich~an) WS1203 
1700 N. LINCOLN MEMORIAL OR.@ LAFAYETTE HILL RD. (Stormwaterto lake@ McKinley Manna) WS1212 
54TH AND ASHLAND (Stormwaterto Fran~in Park to detention pond) WS1201 
3500 S. LAKE OR.@ BAY VIEW PARK (Stormwaterto lake across from St. Frands Seminary) WS1203 
1200 E. SINGER CIR. (Stommaterto Mi,Y. River@ Kern Park) INACTIVE IN 2003 WS1212 
MILW CNTY. ZOO (Stormwater to Unde!Wood Creek across from Moose End.) WS1204 
4345 N. 47TH ST. (Stormwaterto lincoln Creek) WS1202 
HAMPTON AND LINCOLN CR. PARKWAY (StorrrrNaterto lincoln Creek under bridge) INACTIVE SINCE 2002 WS1207 
4939 N. NEWHALL (Stormwaterto lake@ B~ Bay Park) WS1212 
BOERNER BOTANICAL GARDENS FORMERLY 10007 W. MEADOW OR. (StonrrNater to Root River) WS1220 
13380 EAGLE TRACE AND TIMBER RIDGE (StorrTWiater to wetland residenUal site) WS1220 
3275 S. 72ND ST. (Stormwaterto Honey Creek) WS1216 
RIDGE BLVD. AND HARDING BLVD. (Stormwaterto Menomooee River Parkway) WS1210 
LAKE DR. AND TESCH AVE. (StO!ll1water to Lake Michigan) INACTIVE IN 2003 WS1203 
42ND AND MT. VERNON (1-94 x-way Stormwaterto tl~nornonee River) WS1221 
MARQUETTE INTERCHANGE WS1221 
71ST AND CHESTNUT ST. (Stonrwaterto Menomonee River) WS1204 
MILLER PARK EAST PARKING LOT ATTHE SAUSAGE HOUSE (Stormwaterto Menoononee River) WS1221 
17 
14 
ID STUDY SITES • 
1 SWMI01 
2 SWMI02 
3 SWFR03 
4 SWMI04 A 
5 SWMI05 
6 SWMIOS 
7 SWMI07 
8 SWMI08 
9 SWWB09 
10 SWGF10 
11 SWNB11 
12 SWMI12 
13 SWWA13 LAI<E Ml CHI GAN 
14 SWSF14 
'15 SWMI15 
16 SWMI16 
17 SWWA17 
18 SWMI18 
ID RAIIIFALL STATIOII 
1 WS1201 
2 WS1202 
I ~ WS1203 1 WS1204 
• Study Sites 
• Rainfall Stations 
Drainage Areas 
5 WS1205 
Is ws12os l 
7 WS1207 
8 WS1208 
9 WS1209 
10 WS1210 
12 WS1212 
13 WS1213 
14 WS1214 
16 WS1216 
18 WS1218 
19 WS1219 
120 WS1220 I 
21 WS1221 
22 WS1222 
Figure 2.1. Locations of stormwater study sites and rain gauge stations in the MMSD's 
planning area. Rain gauge stations, highlighted byC], were used to evaluate rainfall 
statistics. 
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Rainfall data (2000-2005) of 4 rain gauge stations (WS1203, 1204, 1206, and 
1220) were selected for comprehensive analysis (Soonthornnonda et. al., 2006). Results 
indicated that stmms of a short duration occur more frequently than storms of a long 
duration (Figure 2.2). Figure 2.2 shows the near exponential curve of rainfall duration 
(hr) as x-axis and average number of rainfall events as y-axis. Almual average rainfall 
durations for all 4 stations (Table 2.2) were computed and ranged from 2.50 (WS 1206, 
2004) to 19.4 hrs (WS1203, 2004). Annual average rainfall intensities (Table 2.3) ranged 
fi·om 0.62 to 2.15 mm/hr. Average rainfall intensity (mm/hr) is decreasing versus rainfall 
duration (hr) (Figure 2.3). 
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Table 2.2. Annual number of events and average rainfall duration, 4 rain gauge stations 
(WS 1203, 1204, 1206, and 1220), 2000-2005. 
WS1203 WS1204 WS1206 WS1220 
245 W. Lincoln Ave. 300 S. 84~ St. 3626 W. Fond du Lac Ave. 5635 S. New Berlin Rd. 
year Avg Avg Avg Avg 
No. of events rainfall No. of events rainfall No. of events rainfall No. of events rainfall duration duration duration duration 
(hr) (hr) (hr) (hr) 
2000 108 8.46 101 9.01 107 7.0 81 9.77 
2001 80 7.62 96 6.69 102 7.3 91 7.53 
2002 100 6.19 93 6.23 94 7.0 81 7.37 
2003 72 15.3 79 10.0 97 4.2 66 11.7 
2004 38 19.4 40 18.8 2 2.5 89 9.72 
2005 65 7.77 62 7.45 1 7.0 86 7.53 
AVG 77 9.69 79 8.78 67 6.4 82 8.82 
Table 2.3. Annual average rainfall intensity per event, 4 rain gauge stations (WS1203, 
1204, 1206, and 1220), 2000-2005. 
Avg rainfall intensity per event (mmlhr) 
year WS1203 WS1204 WS1206 WS1220 
245 W. Lincoln Ave. 300 S. 84~ St. 3626 W. Fond du Lac Ave. 5635 S. New Berlin Rd. 
2000 1.114 1.364 1.298 1.246 
2001 1.722 2.145 1.506 1.804 
2002 1.214 1.580 1.241 1.473 
2003 0.620 0.829 1.486 0.895 
2004 0.936 0.733 0.635 1.501 
2005 1.306 1.565 1.016 1.323 
AVG 1.176 1.449 1.379 1.398 
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Figure 2.3. Average rainfall intensity for each rainfall duration at 4 rain gauge stations 
(WS1203, 1204, 1206, and 1220), 2000-2005. 
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2.1 Interevent Time Definition (IETD) 
A rainfall record contains of a series of rainfall pulses through time. A minimum 
interevent time between consecutive pulses of rainfall (i.e., the interevent time definition, 
IETD) can be used to isolate an individual storm event from the continuous rainfall 
record (Adams and Papa, 2000). The IETD can be developed through an autocorrelation 
analysis due to correlation between observed data with temporal proximity. The 
autocorrelation coefficient indicates the correlation of data at one point in time with that 
data at earlier point in time. The autocmTelation coefficient rk for a lag time k is 
computed as 
(1) 
where Yi is the sample of observations at time i, and Y is the sample mean of N samples. 
The autocorrelogram is a plot of autocorrelation coefficient rk with respect to the 
lag time k. Figure 2.4 illustrates the autocorrelogram of averaged rainfall data (2000-
2006) over 22 rain gauge stations located throughout the study area. The IETD is defined 
as the lag time which is sufficient to isolate independent rainfall events statistically 
within a specified level of significance, meaning that the autocorrelation function 
sufficiently approaches zero. The autocorrelogram, as shown in Figure 2.4, indicated that 
the IETD approximately equals 12 hrs for these rainfall data. 
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23 
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Lag Time (hr) 
Figure 2.4. Autocorrelogram (with 5% significance upper limit) for determining IETD 
based on averaged rainfall data (2000-2006) over 22 rain gauge stations in the study area. 
2.2 Statistics of Rainfall Data by IETD Technique 
Based on the IETD technique from preceding discussion, descriptive statistics of 
rainfall characteristics, e.g., duration and intensity, derived from averaged rainfall data 
(2000-2006) over 22 rain gauge stations in the study area were computed using the EPA's 
Storm Water Management Model (SWMM), verston 5.0 (SWMM5, 
www.epa.gov/ednnrmrl/models/swmm/index.htm) as shown in Table 2.4. A total 760 
rain events were found within a period of seven years. Average rainfall intensity of 1.27 
mm/hr, total depth of 10.2 mm., and duration of 13.7 hrs were also obtained. The 
interevent time, defined as a period without rainfall, can be equivalent to an average dry 
24 
period before storm event (i.e., antecedent dry period). The average interevent time of 
55.5 hrs were found from these rainfall data. 
Results obtained using IETD technique exhibit similar tendency with results from 
Soonthonmonda et. al. (2006). Figure 2.5 shows the near exponential curve of rainfall 
duration (hr) as x-axis and number of rainfall events as y-axis, indicating that a short 
duration occur more frequently than storms of a long duration. Average rainfall intensity 
(nun/hr) tends to decrease with continuous increasing rainfall duration up to 49 Ius 
(Figure 2.6). A conelation between average interevent time and rainfall duration was not 
evident (Figure 2.7). 
Table 2.4. Descriptive statistics of average rainfall data (2000-2006) over 22 rain 
gauges*. 
Rainfall intensity Rainfall duration Total rainfall depth lnterevent time 
(mm/hr) (hr) (mm) (hr) 
Minimum 0.0508 1.00 0.254 12.0 Value 
Maximum 133 102 172 377 Value 
Mean Value 1.27 13.7 10.2 55.5 
Std. Deviation 5.23 15.7 17.3 51.2 
* 760 events. 
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III. CHARACTERIZATION OF STORMWATER QUALITY 
The water quality of receiving waters for a drainage system depends on the 
quality of combined sewer overflows (CSOs) and st01mwater that directly discharge into 
receiving waters. Different types of runoff pollutants from CSOs and stonnwater 
discharges have different types of impacts on local receiving waters at different seasons. 
To achieve the better performance of drainage systems, an understanding of 
characteristics of runoff quality pollutants, pollutant trends, and pollutant seasonal 
variations is necessary. 
3.1 Stormwater Quality Pollutants 
There are 33 water quality pollutants (MMSD, 2003; WDNR, NR216, 2002) that 
are evaluated in this study. Table 3.1 shows the list of pollutants with their limits. It 
should be noted that these limits are used as guidelines and not required limits. 
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Table 3.1. List of storm water quality pollutants and their evaluation limits. 
Pollutant Limit Unit of Limit Reference and Source Measure 
1 Silver (Ag) 0.0318 mg/L NPDES (U.S. EPA, 2000) 
2 Alkalinity (Aik) 400 mg/L National Water Quality Criteria (US EPA, 2004) 
3 Arsenic (As) 0.16854 mg/L NPDES (U.S. EPA, 2000) 
4 Beryllium (Be) 0.130 mg/L NPDES (U.S. EPA, 2000) 
5 5-day biochemical 30.0 mg/L WPDES (WDNR, 2003) 
oxygen demand (BODs) 
6 Calcium (Ca) - NA- mg/L - NA-
7 Cadmium (Cd) 0.0159 mg/L NPDES (U.S. EPA, 2000) 
8 Chloride (CI) 860 mg/L NPDES (U.S. EPA, 2000) 
9 Chromium (Cr) 0.0160 mg/L National Water Quality Criteria (US EPA, 2004) 
10 Copper (Cu) 0.0636 mg/L NPDES (U.S. EPA, 2000) 
11 E. coli (EC) 126 CFU/100 ml EPA Gold Book (U.S. EPA, 1986) 
12 Fecal coliform (FC) 400 CFU/100 ml WPDES (WDNR, 2003) 
13 Hardness (Hard) 120 mg/L EPA Gold Book (U.S. EPA, 1986) 
14 Mercury (Hg) 2.40 ~tg/L NPDES (U.S. EPA, 2000) 
15 Magnesium (Mg) - NA- mg/L - NA-
16 Ammonia nitrogen (NH,) 19.0 mg/L NPDES (U.S. EPA, 2000) 
17 Nickel (Ni) 1.417 mg/L NPDES (U.S. EPA, 2000) 
18 Nitrite nitrogen (NO,) 1.00 mg/L EPA Gold Book (US EPA, 1986) 
19 Nitrate nitrogen (NO,) 10.0 mg/L National Water Quality Criteria (US EPA, 2004) 
20 Nitrate and nitrite (NOs) 0.680 mg/L NPDES (U.S. EPA, 2000) 
21 Lead (Pb) 0.0816 mg/L NPDES (U.S. EPA, 2000) 
22 Antimony (Sb) 0.636 mg/L NPDES (U.S. EPA, 2000) 
23 Selenium (Se) 0.2385 mg/L NPDES (U.S. EPA, 2000) 
24 Total dissolved solids 250 mg/L EPA Gold Book (U.S. EPA, 1986) (TDS) 
25 Total Kjeldahl nitrogen 1.50 mg/L NPDES (U.S. EPA, 1999) (TKN) 
26 Thallium (TI) 0.0480 mg/L EPA Gold Book (U.S. EPA, 1986) 
27 Total organic carbon 50.0 mg/L NPDES (U.S. EPA, 1999) (TOC) 
28 Total phosphorus (TP) 1.00 mg/L WPDES (WDNR, 2003) 
29 Total solids (TS) -NA- mg/L - NA-
30 Total soluble phosphorus 0.0500 mg/L EPA Gold Book (U.S. EPA, 1986) (TSP) 
31 Total suspended solids 30.0 mg/L WPDES (WDNR, 2003) (TSS) 
32 Turbidity 5.00 NTU NPDES (U.S. EPA, 1999) 
33 Zinc (Zn) 0.117 mg/L NPDES (U.S. EPA, 2000) 
- NA - : Limits not available 
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3.2 Stormwater Quality Data Analysis 
The purpose of this section is to present the statistical analysis of stormwater 
quality data (2000-2006). Emphasis will be placed on detetmining descriptive statistics 
such as means, medians, and standard errors of the mean and evaluating the quality of 
stonnwater and CSOs. Moreover, trends and seasonal variations of pollutants were also 
examined. 
3.2.1 Descriptive Statistics 
The runoff data sets (2000-2006) for 33 pollutants from 18 drainage areas were 
analyzed. Descriptive statistics consisting of means, median, standard errors of the mean, 
and geometric means were computed on the pollutants for all drainage areas. A summary 
of runoff quality pollutants from stormwater is illustrated in Table 3.2. 
Various plots of stormwater data (2000-2006) in Appendix A show concentrations 
of 33 water quality pollutants (first flush and later time concentrations) along with their 
limits. Box plots of concentrations of 33 water quality pollutants in stormwater (2000-
2006) by sampling locations are presented in Appendix B. 
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3.2.2 Comparison of Stormwater and Combined Sewer Overflows CCSOs) 
The CSO samples were collected at 20 locations (Table 3.3) when overflow 
events occurred during the period 2000 tln·ough 2006. Table 3.2 shows a comparison of 
descriptive statistics of various pollutants between CSOs and stonnwater. 
Table 3.3. Combined sewer overflow sampling locations. 
Site Code 
lssCT02 
lssCT07 
lssCT08 
lssCT034 
lssCT056 
lssKK01 
lssKK02 
lssKK03 
lssKK04 
lssLMN 
lssLMS 
lssNS04 
lssNS05 
lssNS06 
lssNS07 
lssNS08 
lssNS09 
lssNS010 
lssNS011 
lssNS012 
Description 
Hawley Road 
N. 16tn St. & W. Canal St. 
S. 3'' St. & W. Seeboth 
N. 44tn St. & W. Well St. 
N. 25th & Menomonee River 
S. 61h St. & W. Cleveland Av. 
S. 1't & Chase Av. 
S. 4th St. & W. Becher St. 
S. 1'1 St. & W. Lincoln Av. 
LMN E. Bay St. & Ward St. 
LMS Lincoln memorial Dr. & Russell Av. 
N. Cambridge & E. Providence 
E. Burleigh & Milwaukee River 
Park Place & Milwaukee River 
Commerce & Booth 
Commerce & Walnut 
N. 3rd & Park Freeway East 
N. Water & St. Paul 
N. Humboldt & Capitol 
N. 31st & Capitol 
Receiving water 
Menomonee River 
Menomonee River 
Menomonee River 
Menomonee River 
Menomonee River 
Kinnickinnic River 
Kinnickinnic River 
Kinnickinnic River 
Kinnickinnic River 
Lake Michigan 
Lake Michigan 
Milwaukee River 
Milwaukee River 
Milwaukee River 
Milwaukee River 
Milwaukee River 
Milwaukee River 
Milwaukee River 
Milwaukee River 
Milwaukee River 
There are 19 water quality pollutants to be evaluated in CSO data as follows: 
I. Ammonia nitrogen (NH3) 
2. Arsenic (As) 
3. 5-day biochemical oxygen demand (BODs) 
4. Cadmium (Cd), 
5. Calcium (Ca) 
6. Chromium (Cr) 
7. Copper (Cu) 
8. E. coli (EC) 
9. Fecal colifonn (FC) 
I 0. Hardness (Hard) 
II. Lead (Pb) 
12. Magnesium (Mg) 
13. Mercury (Hg) 
14. Nickel (Ni) 
15. Selenium (Se) 
16. Silver (Ag) 
17. Total phosphorus (TP) 
18. Total suspended solids (ISS) 
19. Zinc (Zn) 
3.2.3 Pollutant Trends 
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There are variables (e.g. temperature, precipitation, vegetative cover, or lack of 
cover, use of fertilizers, salting, etc.) or pollutants for which changes between seasons of 
the year are a major source of variation in many pollutants. A seasonal trend analysis was 
used to consider these effects, in order to represent the true trends. The seasonal Kendall 
test was used in this study. For example, spring data of one year should be compared to 
spring data (not summer or fall data) of another year. 
The seasonal Kendall test (Gilbert, 1987) consists of calculating of the Mann-
Kendall test statistic, S and its variance, V AR(S), separately for each season with data 
collected over years. These seasonal statistics are then combined, and the Z statistic is 
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computed. The Z value may be referred to the standard notmal distribution to test for a 
statistically significant trend. 
Let xi/ be the datum for the ith season for /th year, xik be the datum for the ith 
season for kth season, K the number of seasons, and L the number of years. 
For each season the data collected over years (5 years) are used to compute the 
Mann-Kendall statistic, S. Let S; be this statistic computed for season i, then 
ni-l n; 
S; = I I sgn(xa - X;k) 
k-1/~k+l 
where l>k, n. is the number of data (over years) for season i, and 
' 
sgn(xa - X;k) = 1 
sgn(xil - X;k) = 0 
sgn(xa - X;k) = -1 
V AR(S;) can be computed as: 
911;(11; -1)(11; -2) 
if x;1 -xik > 0 
if xi/ -x;k = 0 
if xi/ -x;k < 0 
(2) 
(3) 
(4) 
where g; is the number of groups of tied data in season i, t;p is the number of tied data in 
the pth group for season i, h; is the number of sampling times in season i that contain 
multiple data, and U;q is the number of multiple data in qth time period in season i. 
After getting S; and V AR(S;), 
(5) 
Next, 
, K 
VAR(S) = L.:VAR(S1) 
i=l 
z = cs' -1) 
[ ' ]1/2 VAR(S) 
if s' > o 
Z=O if s' = o 
z = cs' +I) 
[ ' ]1/2 VAR(S) 
if s' < o 
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(6) 
(7) 
To test the null hypothesis, H0 , of no trend versus the alternative hypothesis, HA, 
of either an upward of downward trend; 
Two tailed test: reject H0 , no trend if absolute value of Z is greater than Z1 .u~2 
(Standard normal distribution table). 
One tailed test: reject H0 , no trend in favor of an upward trend if value of Z is 
greater than Z 1_a and reject H0 , no trend in favor of a downward trend if value of Z is 
negative and absolute value of Z is greater than Z1-a· 
To compute seasonal kendall slope: 
(8) 
where xu is the datum for ith season of /th year, and Xtk is the datum for the ith 
season of kth year, where />k. Rank the N; + N~ + N; + ... + N~ = N' individual slope 
estimates and find their median. This median is the seasonal Kendall slope estimator. 
To compute the upper limit and lower limit values of the seasonal Kendall slope: 
I) choose the desired confidence level, a and find Z1.a 
' 1/2 2) compute Ca = Z1_"12[VAR(S ] 
3) compute M 1 =(N' -Ca)/2 and M 2 =(N' +Ca)/2 
4) the lower and upper confidence limits are the M1th largest and the (M2+ l)th 
largest of ranked N' 
Table 3.4 shows an example of all computations in seasonal Kendall test. The 
seasonal Kendall test is described in detail in Gilbert (1987). 
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3.3 Results and Discussion 
Results by plotting first flush and later time concentrations indicate that Cl and 
bacteria has the least tendency toward first-flush effect. The first flush effect refers to the 
high concentration that occurs after early storm. Average concentrations of pollutants by 
location are given in Appendix B. The average concentration of Sb was highest at site 
SWMIOl (institutional, residential, and open lands). The average concentration of Alk 
was highest at site SWMI02 (residential, commercial, recreational, and open lands). The 
average concentration ofTDS was highest at site SWMII6 (Marquette interchange). The 
highest average concentrations of N03, NOs, and Tl were found at site SWMIIS 
(residential and highway). The highest average concentration of turbidity was found at 
site SWGFl 0 (botanical gardens and parking lot). The highest average concentrations of 
TP, TSS, and FC were found at site SWMII2 (residential, commercial, and parking lot). 
The highest average concentration of TKN was found at site SWW A 17 (recreational, 
open lands, residential, and commercial). 
Median values of FC and EC, FC were highest at site SWW A 13 (residential, 
recreational, and open lands), and EC was highest at site SWW A17 (recreational, open 
lands, residential, and commercial). The highest average concentrations of As, Ca, Cd, 
Cr, Cu, Hard, Mg, Ni, Pb, and Zn were found at site SWMII5 (residential and highway). 
The highest average concentrations of Ag, Be, Cl, Hg, Se, TS were found at site SWMI16 
(Marquette interchange). The highest average concentrations of BODs, EC, and N02 
were found at site SWW A17 (recreational, open lands, residential, and cmmi1ercial). The 
highest average concentration ofNH3 was found site SWMIIS (residential and highway). 
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Total phosphorus exceeded the limit (1.00 mg/L) at sites SWWB09 (4939 N. 
Newhall, Whitefish Bay), SWMI12 (3275 S. 72nd St, Milwaukee), SWWA13 (Ridge 
Blvd & Harding, Wauwatosa), and SWWA17 (7lst and Chestnut St, Wauwatosa). In the 
soil, TP is rapidly immobilized as calcium or iron phosphates (W A TERSHEDSS, 2003). 
Most of the phosphorus in soils is adsorbed to soil particles or incorporated into organic 
matter (W ATERSHEDSS, 2003). Phosphate is only freely soluble in acid solutions and 
under reducing conditions (W ATERSHEDSS, 2003). Other sources of TP are synthetic 
detergent and commercial fmiilizer (Sawyer et al., 2003). Total soluble phosphorus 
exceeded the limit (0.05 mg/L) for all 15 measured sites. Two main sources of TSP are 
synthetic detergent and commercial fetiilizer (Sawyer et al., 2003). The increased TP and 
TSP levels may at least in part be explained by increased detergent and fertilizer usage. 
Total Kjeldahl nitrogen exceeded the limit (1.50 mg/L) for all sites. Total 
Kjeldahl nitrogen is the sum of NH3 and organic nitrogen. The discharge of NH3 and its 
oxidation can rapidly reduce the dissolved-oxygen levels in rivers and estuaries (Sawyer 
et al., 2003). The amount ofNH3 never exceeded the limit (19.0 mg/L). Nitrite and nitrate 
exceeded the limit (0.68 mg/L) for all sites. Automobiles in dense urban areas and 
commercial fertilizer are primary sources ofN05 (Sawyer et al., 2003). 
Calcium and magnesium were high at site SWMI15 ( 42nd St & Mt Vernon, I-94 
& Menominee River, Milwaukee). Chloride was found high at site SWMI16 (Marquette 
interchange, Milwaukee). The primary source of these pollutants is soil erosion and 
deicing salts. Both of these sites are transportation corridors which may link deicing salts 
to the high Ca, Mg, and Cl concentrations at these two sites. 
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The BODs exceeded the limit (30 mg/L) at sites SWMIOS (Hampton & Lincoln 
Crk Pkwy, Milwaukee), SWWB09 (4939 N. Newhall, Whitefish Bay), SWMI12 (3275 S. 
72"d St, Milwaukee), SWWA13 (Ridge Blvd & Harding, Wauwatosa), and SWWA17 
(71 '1 and Chestnut St, Wauwatosa). The BOD5 is the amount of oxygen required by 
bacteria while stabilizing decomposable organic matter under aerobic conditions (Sawyer 
et al., 2003). High BODs reflects high-strength domestic and industrial wastes in tenns of 
the oxygen that will be required under aerobic conditions (Sawyer et al., 2003). Total 
suspended solids exceeded the limit (30 mg/L) for all sites. Total suspended solids are 
materials that will be retained by a filter with 2.0-,.un nominal average pore size. High 
TSS deposition is expected to occur through biological and chemical flocculation 
(Sawyer et al., 2003). 
Bacteria levels largely exceeded the limit of 400 CFU/lOOmL for fecal colifonn 
and the limit of 126 CFU/100mL for E. coli at all sites. Sources of fecal coliform are 
from dogs, cats, rodents in urban areas, from geese, seagulls, and waterfowls in open 
lands, from farm animals and wild life in rural areas (Bmion and Pitt, 2002). Bacteria 
enter the drainage system by washoff of animal feces (e.g., bird droppings) and organic 
matter from catchment surfaces, and they may also go into the drainage system through 
illicit co1111ections (Adams and Papa, 2000). 
Chromium exceeded the limit (0.016 mg/L) at sites SWMI15 (42nd St & Mt 
Vernon, I-94 & Menominee River, Milwaukee) and SWMI16 (Marquette interchange, 
Milwaukee). Sources of Cr are from metal plating, moving engine parts, and brake lining 
wear (McCuen, 2004). Copper exceeded the limit (0.0636 mg/L) at sites SWWB09 (4939 
N. Newhall, Whitefish Bay), SWMI15 (42nd St & Mt Vernon, I-94 & Menominee River, 
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Milwaukee), and SWMI16 (Marquette interchange, Milwaukee). The primary sources of 
Cu are metal plating, bearing and bushing wear, moving engine parts, brake lining wear, 
and fungicides and insecticides applied by maintenance operations (McCuen, 2004). Lead 
exceeded the limit (0.0816 mg/L) at site SWMI15 (42nd St & Mt Vernon, I-94 & 
Menominee River, Milwaukee). Sources ofPb are tire wear, batteries, lubricating oil and 
grease, and bearing wear (McCuen, 2004). Zinc exceeded the limit (0.117 mg/L) for 12 
sites including sites SWMI15 (42nd St & Mt Vemon, I-94 & Menominee River, 
Milwaukee), SWMI16 (Marquette interchange, Milwaukee), and SWMI18 (Miller park 
east parking lot at sausage house, Milwaukee). Sources of Zn are tire wear, motor oil, and 
grease (McCuen, 2004). 
Hardness exceeded the limit (120 mg/L: maximum hardness levels accepted by 
textile industry) for 14 sites. Hardness in water is derived largely form contact with the 
soil and rock formations. The hard waters also originate in areas where topsoil is thick 
and limestone formations are present (Sawyer et al., 2003). 
Results from Table 3.2 indicate that the average concentrations of various water 
quality pollutants in CSOs were generally higher than those in stonnwater. However, the 
average concentrations of some water quality pollutants in stonnwater were higher than 
those in CSOs, i.e. Ca, Cu, Hard, Mg, Se, TP, TSS, and Zn. 
The different seasonal conditions such as the snowmelt and rainfall periods were 
found to have a significant impact on the water quality. From Table 3.5, concentrations of 
Alk, As, Be, Ca, Cd, Cl, Hard, Hg, Mg, Se, TDS, Tl, and TS were highest in winter. The 
highest concentrations of Ag, Pb, TKN, TP, TSS, turbidity, and Zn were found in 
summer. Spring had the highest concentrations of Cr, Cu, NH3, Ni, N02, and N03. 
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Concentrations of BODs, NOs, TOC, and TSP were highest in fall. The highest of 
bacteria levels were found in summer. Explanations for several of these trends are given 
below. Box plots of 33 pollutant concentrations for spring, summer, fall, and winter are 
illustrated in Appendix C. 
Table 3.5. Summary of a season indicated the highest average pollutant concentration 
(2000-2006). 
No. Pollutant Season indicated the highest concentration 
Ag Summer 
2 Aik Winter 
3 As Winter 
4 Be Winter 
5 BODs Fall 
6 Ca Winter 
7 Cd Winter 
8 Ci Winter 
9 Cr Spring 
10 Cu Spring 
11 EC Summer 
12 FC Summer 
13 Hard Winter 
14 Hg Winter 
15 Mg Winter 
16 NH, Spring 
17 Ni Spring 
18 N02 Spring 
19 NO, Spring 
20 NOs Fall 
21 Pb Summer 
22 Sb Spring 
23 Se Winter 
24 TDS Winter 
25 TKN Summer 
26 Ti Winter 
27 TOC Fall 
28 TP Summer 
29 TS Winter 
30 TSP Fall 
31 TSS Summer 
32 Turbidity Summer 
33 Zn Summer 
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Results from Table 3.5 and box plots from Appendix C indicated the highest 
concentrations of TS and many metals except Ag, Pb, and Zn dnring winter and spring. 
During snowmelt, the dissolved and particulate pollutants will accompany the snowmelt 
runoff or become more concentrated in surrounding snowbanks and on the snrface. 
Westerlund et a!. (2003) explained that the highest particulate concentration during the 
snowmelt period was due to lower flow and contribution of pollutants from the melting 
snowbanks. In addition, the rain-on-snow event, that is more likely to happen in winter 
and spring, also contributes higher particulate concentrations because rainfall can wash 
off pollutants accumulated in the snowbanks. The highest bacteria levels (EC and FC) 
were found in summer from rainfall events, indicating that sources of bacteria are animal 
feces and bird droppings. 
Table 3.6 lists the values of seasonal slopes for 33 pollutants estimated by the 
seasonal Kendall test. The seasonal slope was computed as the median of all slopes 
between data pairs of fonr years (2000-2004) within the same season (spring, summer, 
and fall). Upward trend is positive seasonal slope (increasing). By contrast, downward 
trend is negative seasonal slope (decreasing). 
In Table 3.6, an upward trend can be found for Ag with seasonal slope of5.4 x 10-
4 
mg/L/year, Alk with seasonal slope of 8.75 mg/L/year, As with seasonal slope of 1.5 X 
-3 -4 
10 mg/L/year, Cd with seasonal slope of 1.6 x 10 mg/L/year, Cl with seasonal slope of 
-3 
I mg/L/year, Cu with seasonal slope of 1 X I 0 mg/L/year, Hg with seasonal slope of 2.8 
~ ~ 
x 10 pg/L/year, Ni with seasonal slope of 5 x 10 mg/L/year, Pb with seasonal slope of 
~ ~ 
4.4 X I 0 mg/L!year, Se with seasonal slope of 1.8 X 10 mg/L/year, TOC with seasonal 
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slope of 2 mg/Uyear, TP with seasonal slope of 0.08 mg/L/year, and TSP with seasonal 
slope of 0.05 mg/Liyear. 
Figure 3.1 shows the seasonal snowfall data in Milwaukee (1899/1990-
2004/2005) from Wisconsin state climatology office (2005). Total snowfall of each year 
is the amount of snowfall accumulated fi"om July of that indicated year to June of next 
year. Seasonal snowfall data (Figure 3.1) are consistent with the upward trend ofCl since 
Cl samples were collected from 2002 to 2004 and a primary source of Cl is deicing salt. 
A study of urban mobility from Texas Transportation Institute, Texas A&M 
University System (2005) shows an increase versus year in daily freeway vehicle-miles 
of travel on freeways in Milwaukee (Figure 3.2), which may explain the upward trends 
for Cd, Cu, Ni, and Pb because the automobile traffic is a primary source of these 
pollutants (McCuen, 2004). 
Due to exceedances of the guideline limits along with occunences of upward 
trends, sites of special concern for Cu and Pb are sites SWMI15 (42nd St & Mt Vemon, 
I-94 & Menomonee River, Milwaukee) and SWMI16 (Marquette interchange, 
Milwaukee) (Table 3.6 and Figures E-10 and E-21). Sites of special concern for TP 
include SWWB09 (4939 N. Newhall, Whitefish Bay), SWMI12 (3275 S. 72nd St, 
Milwaukee), SWWA13 (Ridge Blvd & Harding, Wauwatosa), and SWWAI7 (71st and 
Chestnut St, Wauwatosa). Because of high TSP values, all 15 sites with TSP 
measurements (sites 1-4, 6, 7, 9-13, and 15-18) (Table 3.6 and Figure E-30) should be 
carefully monitored. 
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Table 3.6. Seasonal Kendall slope estimations. 
Stormwater Data 2000 • 2004 
Seasonal Kendall Slope 
Confidence Intervals 
% Seasonal Trend Slope 
Pollutant Confidence Lower Limit mg/Uyear Upper limit 
Interval Two-tailed One-tailed ('~g/Uyear) 
Ag 95 Upward/Downward Upward 0.00044 0.00054 0.00071 
Alk 95 Upward/Downward Upward 3 8.75 15 
As 95 Upward/Downward Upward 0.0013 0.0015 0.0018 
Be 95 Upward/Downward Downward -0.000015 -0.000015 -0.000015 
BODs 95 Upward/Downward Downward 0 -0.6 ·1.2 
Ca 70 Upward/Downward Downward -1.2 -0.67 0 
Cd 95 Upward/Downward Upward 0.00016 0.00016 0.00026 
Cl 75 Upward/Downward Upward 0 1 2.34 
Cr 85 Upward/Downward Downward -0.0001 -0.00005 0 
Cu 85 Upward/Downward Upward 0 0.001 0.0017 
EC 95 No trend No trend -300 0 75 
FC 95 Upward/Downward Downward -1145 -370 -1.67 
Hard 65 Upward/Downward Downward -4.33 -2 0 
Hg 95 Upward/Downward Upward 0.0028' 0.0028' 0.0028' 
Mg 45 Upward/Downward Downward -0.25 -0.1 0 
NH, 95 No trend No trend -0.02 0 0.023 
Ni 95 Upward/Downward Upward 0 0.00005 0.000067 
N02 95 Upward/Downward Downward -0.0083 -0.0057 -0.0033 
NO, 90 Upward/Downward Downward -0.06 -0.03 0 
NOs 95 na na na na na 
Pb 95 Upward/Downward Upward 0.0025 0.0044 0.0063 
Sb 95 Upward/Downward Downward -0.078 -0.053 -0.012 
Se 95 Upward/Downward Upward 0.00073 0.0018 0.0031 
TDS 70 Upward/Downward Downward -39.5 -20 0 
TKN 95 Upward/Downward Downward -0.3 -0.22 -0.13 
Tl 95 Upward/Downward Downward -0.0011 -0.0011 -0.0011 
TOG 90 Upward/Downward Upward 0 2 3.5 
TP 95 Upward/Downward Upward 0.05 0.08 0.11 
TS 55 Upward/Downward Downward -10.67 -6.67 0 
TSP 95 Upward/Downward Upward 0.02 0.05 0.05 
TSS 95 Upward/Downward Downward -8.75 -4.4 -0.5 
Turbidity 95 na na na na na 
Zn 95 No trend No trend -0.0043 0 0.005 
.. Note: na = not suff1c1ent data to compute seasonal slope 
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Daily Freeway Vehicle-Miles of Travel for Milwaukee, WI 
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Figure 3.2. Daily freeway vehicle-miles of travel on freeways for Milwaukee, WI (Texas 
Transportation Institute, Texas A&M University System, 2005). 
IV. DRAINAGE AREAS AND GEOGRAPHIC INFORMATION SYSTEMS 
(GIS) 
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Maps of 18 stonnwater study sites using ArcGIS are illustrated in this chapter. 
The feature of a landscape (e.g., pattern of terrain and slope) represented by contour lines 
in a topographic map for each storm catchment may not reflect the complete drainage 
pattem. Then, GIS maps of drainage area's infrastructures (buildings, streets, and storm 
sewers) and natural condition (imperviousness) are generally prefeiTed. Contour lines, 
types of land use, available storm sewers, and suggested drainage boundaries are included 
in the maps shown. 
The actual drainage area of the GIS maps may be estimated based on mnoff 
coefficients for the areas, along with contour data and storm sewer lines. GIS may show 
how stormwater nmoff is actually drained. For example, a runoff coefficient > I usually 
indicates that the drainage area is underestimated. Collectively, these maps will enhance 
the understanding of the drainage pattem of the study area, and will provide information 
required to make decisions related to the stormwater best management practices (BMPs). 
4.1 Estimate of the Drainage Area Sizes 
Application of ArcGIS for the estimation of the accurate drainage area size is 
recommended. The runoff coefficient is a key to accomplish this estimation. Moreover, 
overlaying the storm sewer lines on the land use map in ArcGIS is also helpful method in 
order to examine the drainage boundary for each study site. In the case of unavailable 
storm sewer pipes, the investigation of surface topography using contour lines may be 
helpful. 
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4.l.J Measured and Calculated Runoff Coefficients 
Runoff coefficients were computed as total runoff volume divided by total rainfall 
volume. Coefficients ranged from 0.00096 to 16.1. Mean coefficients for 18 monitoring 
sites ranged from 0.0052 to 3.88. Median coefficients for 18 monitoring sites (Table 4.1) 
ranged from 0.0036 to 3.71. The mean coefficient over all sites was 0.87 ± 0.33, and the 
median was 0.13. 
Coefficients were greater than 1.0 at sites SWMI06, SWMI07, SWMI08, and 
SWMI18. The reason for these >1.0 coefficients is that drainage areas are 
underestimated. Very low values of coefficients due to overestimation of drainage areas 
are also evident, e.g., for sites SWMI02 and SWMI15. Runoff volume from rainfall was 
estimated based on the median coefficient of each site. A plot of the measured runoff 
2 
volume versus the calculated runoff volume (Figure 4.1) had R = 0.897 (n =372), which 
indicates that runoff coefficients are nearly constant for a given area and all events, 
except low rainfall events where depression volumes sometime can give low measured 
nmoffvolume, and therefore low runoff coefficients (e.g., site SWWB09). 
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Figure 4.1. Measured versus rainfall-based runoff volumes. 
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4.1.2 New Drainage Areas Detennined By Stonn Sewer and Contour lines 
Table 4.2 shows a summary of new drainage areas and percent land uses for 18 
study sites. Residential area is dominant at site SWNBll (13380 Eagle Trace & Timber 
Ridge, New Berlin). Transpottation is prevailing at sites SWMIOl (Lincoln Memorial Dr 
& Carferry Dr, Milwaukee) and SWMI16 (Marquette interchange, Milwaukee). Outdoor 
recreational area and open lands are predominantly found at site SWMI06 (Milwaukee 
County Zoo, Milwaukee). 
All GIS maps and aerial photographs with the suggested drainage boundary are 
illustrated in Figures 4.3 - 4.38. New drainage areas were determined in two stages. First, 
original runoff coefficients /J were used as a guide to determine if an area adjustment 
appeared to be necessary. Adjustments were then done according to the GIS map 
considering storm sewer lines and topography. The second stage is a futther adjustment 
of the drainage area and resulting runoff coefficient /J such that it becomes consistent 
with a calculated runoff coefficient /J'"'' based on optimized runoff coefficients /]1 for 
each subarea i of given GIS land use type, e.g., residential, etc. This optimization is 
illustrated below with reference to Table 4.2. 
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4.2 Estimation of Runoff Coefficients Based on Least Squares Method. 
Data from Table 4.2 can be used directly to formulate the following optimization 
model: 
Minimize 
10 
where /J,, mlc = L fij · fJ j 
}=! 
subject to 
10 
:L!ij =1 
}=I 
(9) 
i= 1, 2, 3, ... , 18 (10) 
i= 1, 2, 3, ... , 18 and (11) 
By guessing initial values of fJJ for/h land use, the /J, mic was estimated using the 
fractional area distribution/y for/h land use of site i. The Solver command in Microsoft 
Excel was used to find optimized solutions fJJ (minimumS value) for this nonlinear 
objective function. 
4.3 Results and Discussion 
In order to develop the actual drainage area, the original drainage area was 
mapped using ArcGIS, and maps included contour data, stom1 sewer lines, and types of 
land use. Unreasonable values of the calculated runoff coefficient from runoff volume 
and rainfall volume based on original drainage area size would lead to incotTect drainage 
areas. Many storm sewer lines were provided in several fom1ats such as hard copies, 
AutoCAD files, and ArcGIS shapfiles by local cities, e.g., city of Milwaukee for site 
SWMI, city of Whitefish Bay for site SWWB, etc. 
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For site SWMI01 (Figure 4.3), the original runoff coefficient was found to be 
0.0306, indicating the overestimation of drainage area size. Unfmiunately, available 
stom1 sewer lines were incomplete for this site. The estimate of drainage area boundary 
had to be done based on available adjacent stonn sewer lines, and the runoff coefficient 
then became 0.333. The original runoff coefficient was very low for site SWMI02. After 
reducing the drainage area size, the new coefficient of 0.399 was obtained. 1n this case, 
the new drainage area boundary was determined based on contour lines in Figure 4.5 and 
the impervious area from aerial photograph in Figure 4.6 due to unavailability of storm 
sewer lines. This was done by an assumption that most storm sewers are commonly 
constructed to drain runoff from pavement. Then, the proposed drainage area should 
cover only the area of Alterra coffee shop. 
For site SWFR03, the complete stmm sewer lines were obtained in a hard copy. It 
was obvious that the original area boundary was incorrect (Figure 4. 7). The new nmoff 
coefficient was estimated to be 0.225, which is similar to the old coefficient. Site 
SWMI04 contains the most complicated stmm sewer system compared to others. 
Fortunately, the AutoCAD file and hard copy of complete storm sewer lines were 
obtained. The new drainage area boundary was drawn to cover these sewer lines (Figure 
4.9), and the new runoff coefficient was 0.187. Site SWMI05 covers a small area and 
contains simple storm sewer lines (Figure 4.11 ). The new runoff coefficient was 
estimated to be 0.252, which is close to the old coefficient. The storm sewer lines for site 
SWMI06 were obtained from Milwaukee County in the shapefile fonnat. The original 
runoff coefficient was 2.18, showing the underestimation of the drainage area. 
Considering stonn sewer lines in Figure 4.13, the drainage area had to extend to cover a 
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major part of the east parking lot area. For site SWMI07, the original runoff coefficient 
was very high (3.71), indicating the underestimation of the drainage area. The new 
drainage area covers more areas along the stmm sewer lines into the southwest of the 
original area (Figure 4.15). Site SWMI08 had the original runoff coefficient of 3.41, 
pointing to the underestimation of the drainage area. The complete storm sewer lines 
were obtained, and the new drainage area boundary was drawn based on these sewer 
lines. The drainage area had to extend to cover all sewer lines in the west (Figure 4.17). 
The runoff coefficient was then reduced to 0.225. 
For site SWWB09, the drainage area boundary was extended to the south of the 
original area to cover the storm sewer lines (Figure 4.19). The contour lines in Figure 
4.21 and the site inspection were mainly used to detetmine the new drainage area 
boundary for site SWGF10. The original runoff coefficient for this site was very low 
(0.00865), indicating the overestimation of the drainage area. The nmoff coefficient 
based on the new drainage area became 0.486. Site SWNB 11 had a very low value of 
original nmoff coefficient (0.0 151 ), specifying the overestimation of the drainage area. 
The complete storm sewer lines for this site were obtained (Figure 4.23). The new 
drainage area gave a runoff coefficient of 0.211. Also, the aerial photograph of this site 
indicated small impervious area. Site SWMI12 had a low value of mnoff coefficient 
(0.0813) so that the original drainage area was overestimated. The new drainage area was 
determined based on complete stonn sewer lines, giving a runoff coefficient of 0.177 
(Figure 4.25). 
The new drainage area for site SWWA13 had to be estimated based on the site 
inspection accordance with contour lines in Figure 4.27 due to incorrect storm sewer 
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lines. The runoff coefficient of 0.123 obtained using new drainage area boundary was 
lower than the original runoff coefficient (0.265). The original drainage area for site 
SWSF14 was overestimated due to a small original runoff coefficient (0.0341). The 
complete storm sewer lines from the hard copy were used to detennine the new drainage 
area boundary for this site. The new drainage area (Figure 4.29) gave a runoff coefficient 
of 0.187. The original runoff coefficient was 0.0335 for site SWMI15, indicating the 
overestimation of the drainage area. As seen in Figure 4.31, site SWMI15 contains simple 
stom1 sewer lines so that the new drainage area was easy to estimate. Then, the new 
runoff coefficient based on the new area was 0.495. 
Site SWMI16 was located at the old Marquette interchange. The hard copy of 
complete storm sewer lines was obtained from the Wisconsin Depmtment of 
Transportation (WisDOT). The new drainage area (Figure 4.33) gave a runoff coefficient 
of 0.679. The new drainage area for site SWWA17 was detennined based on the site 
inspection and contour lines. The drainage area was extended into the nmth of the old 
drainage area boundary (Figure 4.35). The new upper boundary is located on top of a 
small hill, showing a downhill drain path. It gave a runoff coefficient of 0.237. The 
incomplete storm sewer lines were received for site SWMI18, and the original drainage 
area was underestimated based on a very high value of nmoff coefficient (3.01). 
Considering contour lines (Figure 4.37) and the impervious area from aerial photograph 
(Figure 4.38), the new drainage area was dete1mined, and the runoff coefficient of 0.561 
was obtained. 
New runoff coefficients computed based on new drainage area s1zes are 
reasonable (Table 4.2 and Figure 4.2). Results from the optimization model indicated the 
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similarity between calculated nmoff coefficients /J,, '"'' for all 18 sites and runoff 
coefficients estimated from new drainage sizes (Figure 4.2). Values of decision variables 
fJJ obtained from the optimization modeling (Table 4.3) are reasonable, except for 
business and commercial areas, and open lands. 
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Table 4.3. Runoff coefficients for each type ofland use based on the optimization model. 
Types of land use 
Residential 
Business and Commercial 
Industrial 
Freeway related land 
Roads 
Parking 
Communication and Utilities 
Governmental services and Institutional 
Outdoor Recreational 
Open Lands 
Runoff coefficient, fJJ 
0.134 
0 
0.417 
0.697 
0.278 
0.534 
0.707 
0.349 
0.801 
0 
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Figure 4.3. A map of site SWMIOl (Lincoln Memorial Dr & Carferry Dr, Milwaukee) 
with land uses and new drainage boundary. 
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Figure 4.4. An aerial photograph of site SWMIO 1 (Lincoln Memorial Dr & Carferry Dr, 
Milwaukee) with new drainage boundary. 
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Figure 4.5. A map of site SWMI02 (1700 N. Lincoln Memorial Dr@ Lafayette Hill, 
Milwaukee) with land uses and new drainage boundary. 
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Figure 4.6. An aerial photograph of site SWMI02 (1700 N. Lincoln Memorial Dr@ 
Lafayette Hill, Milwaukee) with new drainage boundary. 
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Figure 4.8. An aerial photograph of site SWFR03 (54th & Ashland, Franklin) with new 
drainage boundary. 
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Figure 4.12. An aerial photograph of site SWMI05 ( 1200 E. Singer Circle, Milwaukee) 
with new drainage boundary. 
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Figure 4.13. A map of site SWMI06 (Milwaukee County Zoo, Milwaukee) with la•1d 
uses and new drainage boundary. 
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Figure 4.14. An aerial photograph of site SWMI06 (Milwaukee County Zoo, 
Milwaukee) with new drainage boundary. 
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Figure 4.15. A map of site SWMI07 (4345 N. 47th St, Milwaukee) with land uses and 
new drainage boundary. 
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Figure 4.19. A map of site SWWB09 (4939 N. Newhall, Whitefish Bay) with land uses 
and new drainage boundary. 
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Figure 4.20. An aerial photograph of site SWWB09 ( 4939 N. Newhall, Whitefish Bay) 
with new drainage boundary. 
78 
SWGF10 
___ ,;;
0
·.:::
15=====0:.;·3-------0·tGiometers 
Legend 
~ Stornmater monitoring si1es 
- Contours (meters above sea leveQ 
c::J Drainage area 
c::J Suggested drainage area 
Residential 
- Business and commercial 
- Industrial 
Freeway related land 
Roads 
Parking 
Governmental services and institutional 
- Outdoor recreational 
- AgricuHural 
- Open lands 
Transportation - Surface water 
- Communications and uti i ties 
Figure 4.2 1. A map of site SWGF l 0 (Boerner Botanical Gardens, Hales Corners, 
Greenfield) with land uses and new drainage boundary. 
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Figure 4.22. An aerial photograph of site SWGFl 0 (Boerner Botanical Gardens, Hales 
Corners, Greenfield) with new drainage boundary. 
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Figure 4.23. A map of site SWNBll (13380 Eagle Trace & Timber Ridge, New Berlin) 
with land uses and new drainage boundary. 
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Figure 4.24. An aerial photograph of site SWNB 11 (13380 Eagle Trace & Timber Ridge, 
New Berlin) with new drainage boundary. 
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Figure 4.25. A map of site SWMI12 (3275 S. 72nd St, Milwaukee) with land uses and 
new drainage boundary. 
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Figure 4.26. An aerial photograph of site SWMI12 (3275 S. 72nd St, Milwaukee) with 
new drainage boundary. 
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Figure 4.27. A map of site SWWA 13 (Ridge Blvd & Harding, Wauwatosa) with land 
uses and new drainage boundary. 
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Figure 4 .28. An aerial photograph of site SWWA13 (Ridge Blvd & Harding, 
Wauwatosa) with new drainage boundary. 
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Figure 4.29. A map of site SWSF14 (Lake Dr and Tesch Av, St Francis) with land uses 
and new drainage boundary. 
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Figure 4.30. An aerial photograph of site SWSF14 (Lake Dr and Tesch Av, St Francis) 
with new drainage boundary. 
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Figure 4.35. A map of site SWWA17 (71st and Chestnut St, Wauwatosa) with land uses 
and new drainage boundary. 
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Figure 4.36. An aerial photograph site SWWA17 (71st and Chestnut St, Wauwatosa) 
with land uses and new drainage boundary. 
94 
SWMI18 
0 0.075 Q15 Q3 
----------Kilometers 
Legend 
~ Stormwatcr monitoring sites - Industrial 
- - Contours (meters above sea leveQ Freeway related land 
c::J Dlalnage area Roads 
CJ Suggested drainage area Parking 
Governmental services and Institutional 
- Outdoor Recreational 
- AQricuHural 
Open lands 
Residential Transportation - Surface water 
- Business and convnerdal - Convnunlcations and Utiltles 
Figure 4.37. A map of site SWMI18 (Miller Park east parking lot at sausage house, 
Milwaukee) with land uses and new drainage boundary. 
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Figure 4.38. An aerial photograph of site SWMI18 (Miller Park east parking lot at 
sausage house, Milwaukee) with land uses and new drainage boundary. 
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V. MODELING OF STORMWATER POLLUTANT LOADS 
Common sources of urban runoff include dry and wet atmospheric deposition, 
accumulation of street refuse (litter, ditt, organic residues, and vehicular traffic 
emissions), vegetation, urban area erosion, and road deicing chemicals (Adams and Papa, 
2000). The quality of stonnwater runoff in each drainage area depends on land use. 
Runoff ftum traffic-related drainage areas can display high levels of heavy metals and 
chloride. By comparison, residential nmoff typically has high levels of nutrients and 
bacteria (Soonthornnonda and Christensen, 2005). Fmther characterization of runoff 
quantity and quality is desirable to obtain predictive models and evaluate the need for 
treatment before discharge into receiving waters. 
Sartor et al. (1974) simulated washoff of stormwater pollutants from street 
surfaces by an exponential model. They found that the removed pollutant mass was 
related to the volume of rainfall during a rainfall event. Alley (1981) developed an 
exponential washoff model for effective impervious surfaces, in which the predicted 
amount of constituent washoff was a direct function of the total volume of stonn runoff. 
Charbeneau and Ban·ett (1998) proposed a model that predicts pollutant load using event 
mean concentration for single-land-use catchments. Other runoff quality analysis models 
have been widely developed to predict runoff volumes, mass loads, and concentrations 
(Brezonik and Stadelmarm, 2002; Niehus, 1997); however, to our knowledge, there is no 
model that specifically considers the influence of each of several dry periods before a 
storm event on the calculated load. Although Alley and Smith's (1981) model included 
antecedent condition parameters, it was tested only for nitrogen, lead, and solids, and 
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only for a single land-use-type drainage area with little pervious area runoff. Only eight 
periods of runoff were considered. Kim et al. (2005) created a washoff model for 
predicting the mass emission rates of highway metals during first-flush runoff. Their 
model has four parameters-none of which appears to have a direct relationship to land 
use or runoff coefficient. Kim et al. (2005) rep01ted that average daily traffic, antecedent 
dry period, total rainfall, average rainfall intensity, and runoff coefficient are the main 
variables that affect total lead mass load. Ban·ett et al. (1998) reported that a low runoff 
coefficient resulting from infiltration produces a large reduction in the pollutant load of 
highway runoff. An appropriate treatment of antecedent conditions, runoff coefficient, 
and land use in load models has not been satisfactorily demonstrated, to date. Even 
though many computer load models for continuous simulation are available, i.e., 
Modeling of Urban Sewers [MOUSE] and Stormwater Management Model [SWMM], 
Elliott and Trowsdale (2007), important conditions, such as closed-form solution for 
simulation of multiple sequential dry periods or comprehensive simultaneous parameter 
estimation for several drainage areas, are not included. 
The main objective of this chapter is to develop a load model for urban runoff 
constituents with emphasis on Zn, Cu, Cd, Ni, Cr, Pb, Hg, Ag, BOD5, TSS, EC, FC, TSP, 
and TP. The model contains a buildup component, including consideration of runoff 
coefficient, drainage area, land use, and one to tlll'ee antecedent dry period(s) before a 
given storm event and a washoff component reflecting intensity and duration of the 
storm. A comprehensive parameter estimation scheme is included. Other objectives are to 
determine mnoff coefficients for sampling areas, evaluate constituent concentrations 
relative to their guideline values or limits, and estimate the contribution of traffic-related 
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sources to Zn, Cu, Cd, Ni, Cr, and Pb in urban runoff. More than 400 storm events will be 
considered in 18 watersheds of Milwaukee, Wisconsin, during the period 2000 through 
2004. This chapter will also elaborate the work done previously by Soonthornnonda and 
Clu·istensen (2007a). 
5.1 Load Model 
Washoffmodels proposed by Alley (1981) and Sartor eta!. (1974) have been used 
by a number of researchers. In these models, the rate of pollutant removed from an 
effective impervious surface is assumed to be proportional to the amount remaining on 
this surface. The amount of pollutant washoff predicted is a function of the volume of 
storm runoff or rainfall and initial amount of pollutant. The initial amount of pollutant is 
a function of the maximum amount of pollutant on the effective impervious area and time 
since the last period of street sweeping or storm runoff (Alley and Smith, 1981). Alhiy 
and Smith (1981) stated that it was an important assumption in their model that effective 
impervious surfaces were the predominant source of stonnwater loads and that the 
watershed had uniform land use. With regard to antecedent dry conditions, they 
recognized that the surface load (Le) after the previous period of storm runoff or street 
sweeping should be considered, and they gave an expression for the equivalent 
accumulation time (/e) in tenns of Le and buildup parameters. However, Le was not 
expressed in tenns of parameters for previous stmm( s) and associated antecedent dry 
period(s). 
Many complex load models that use continuous simulation (i.e., SWMM, 
Hydrologic Simulation Program-Fortran [HSPF], and Source Loading and Management 
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Model [SLAMM]) do not gtve better information for the accumulation rate of 
constituents on the drainage area. The accumulation rate is often obtained by trial and 
error during data calibration, with little, if any, actual direct measurements (Pitt et a!., 
2004). 
To overcome the above limitations, the modified model, described below, 
includes multiple subwatersheds, each with a specific runoff coefficient and land-use 
factor. Antecedent dry conditions are considered, in tetms of an equivalent accumulation 
time reflecting the antecedent dry period and up to two appropriately reduced previous 
antecedent dry periods. 
The model, which relates the load per event (P) of a gtven pollutant to the runoff 
coefficient, average rainfall, antecedent dry period, and land-use factor for a site, is as 
follows: 
where 
P =a a jJ Af(td) [1-e-ckAt] 
P = event load (kg/event), 
a= land-use factor (kg/kg.veragc), 
jJ =median runoff coefficient, 
a =deposition coefficient (kg.vcragcfha/d), 
A =drainage area (ha), 
c =transport coefficient (cm-1), 
k = average rainfall intensity (em/d), 
8.t = stonn duration (days), and 
j(td) =function of antecedent dry period, I d. 
(12) 
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The storm duration (61) is determined as the period of time between the starting point of 
each storm hydro graph and the point where I 0% of discharge peak value has occmTed at 
the recession limb of the hydro graph. 
The effective area is /J A. The pollutant mass accumulated at the beginning of the 
storm event (j) is a a /J A .f(t") . If a load (Le) is remaining on the drainage area after the 
previous storm, Le should be added to this expression. In this model, the expression in the 
square bracket in eq 12, optimum approximately 78%, represents the fraction of the 
initial pollutant mass washed off after the mnoff event. 
If the accumulation of pollutant mass between storm eventsj-1 andj does not depend on 
td,j{td) may be written as a constant, as follows: 
(13) 
However, if the accumulation of pollutant mass between storm events}-! andj is 
dependent on td. 1,f(td) may be written as follows: 
(14) 
Where it is assumed that the surface is clean after the previous stonnj-1. 
Advancing one step further, the pollutant mass retained after stonn eventj-1 may 
be included in the model, and/(td) is the following: 
(15) 
Where it is assumed that the surface is clean after stmmj-2. 
The pollutant masses retained after stonn events}-! andj-2 may also be included 
in the model, and.fCtd) becomes the following: 
(16) 
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The assumption is here that the surface is clean after stormj-3. The model expressed by 
eqs 14 to 16 is a linear buildup model. In eq 16 and its extensions to fmther dry periods 
(i.e., ld,j-3), the effective antecendent dry period is written as a sum of the preceding dry 
period followed by downweighted or reduced previous dry periods. For a sufficient 
number of tenns, the actual previous dry periods become downweighted, such that their 
contribution is small and the assumption of initial clean surfaces (i.e., after stormj-3) is 
inconsequential. 
In case of significant removal of pollutants by wind or pollutant decay during 
buildup, the general expression for buildup may be written as follows: 
(17) 
where K is a removal coefficient (days-'). 
This equation is a version of the buildup model considered by Charbeneau and 
Barrett (1998), modified to include the mnoff coefficient,B. The expression for f(td), 
conesponding to eqs 14 to 16, and including pollutant removal according to eq 6 during 
buildup, are in the same order. 
1- e -Ktd,j 
+---
K 
(18) 
(19) 
(20) 
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Note that these equations become eqs 14 to 16 when Ktd << 1, which we assume 
here to be the case, as a result of frequent rainfall events in the Midwest of the United 
States. The antecedent dry period (td) was defined as the dry period before any runoff 
event, in which both the previous peak discharge and the cmTent peak discharge are ::: 5 
% of the overall average peak flow during rainfall events from 2000 to 2004. By using 
this definition, values of td will be more realistic by disregarding minor runoff events. 
Land-use factors a (i.e., mass load at specific site divided by mass load for all 
regions) were estimated as a measure of that site's relative contribution to the pollutant 
load. The pollutant deposition flux on a surface is aa. The values of a and c were 
determined by a least-squares fit of calculated to measured loads for all areas, with a= 1. 
Next, a values for individual drainage areas were estimated based on average factors 
needed to give a better fitting model. The factor a for a drainage area can be determined 
from the following: 
Min {s= ~(J>A-Bx,)'} (21) 
Where Y; = calculated load, and 
x; =measured load for the drainage area in a log-log load plot. 
Here, the value of B = I and the number of data points= n. 
A necessary condition for an optimum solution is the following: 
as " 
- = 1)(1:- A -Bx,)= 0 
8A /ol 
(22) 
Rearranging eq 22, we obtain the following: 
" I:r; -Ex, 
A = -"'-""'--- (23) 
II 
103 
The standard deviation of A is computed as follows: 
" ' L;[I; -(A+Bx,)] 
i-1 o-A= 
n-1 
(24) 
and the uncettainty of the mean oA is given by the following: 
oA = o-A j;; (25) 
Thus, 
ioga=-A±oA (26) 
and 
a = 1 o-A (1 o-A-M, 1 o-A+a<) (27) 
Multiplication of the overall calculated load with a will then ensure that the new 
calculated points are centered around the line Y = x in the log-log loading plot. 
Measured loads P 111 were determined as follows: 
(28) 
where first and 2-hour-later concentrations of pollutant (kglm\ 
respectively, and 
Q1 and Q2 = cmTesponding flows (m
3/d). 
Values of P111 based on eq 28 were compared with those based on a limited data set (11 = 
12 storms, representing the full range of storm variability), with approximately six 
measurements during each storm event. Results indicated that loads calculated from eq 
28 were overestimated by a factor of 1.54 ± 0.15 (average± standard error of mean, 11 = 
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12). Thus, the use of eq 28 to estimate measured loads may be acceptable, especially 
because load unce1tainties typically are one cycle (a factor of I 0) in log-log load plots. 
Pollutant concentrations in stormwater runoff are difficult to model because of 
many uncertain factors, such as source strength, dispersion, runoff percolation, and so 
fmth. However, order-of-magnitude estimates can be made for some metals where the 
major source is known. For example, automobile tires are a major source of Zn 
(Christensen and Guinn, 1979), and aqueous concentrations can be calculated as the 
emission rate times the number of vehicle kilometers traveled in the watershed during the 
antecedent dry period divided by the runoff volume. 
By contrast, ratios between deposition fluxes aa can, m some cases, be modeled 
reasonably well, based on known emission rates (i.e., rates of Zn from tire wear and Cu 
from brake linings [Brewer, 1997; Legret and Pagotto, 1999]). 
5.2 Results and Discussion 
5.2.1 Runoff Coefficients 
As discussed in Chapter 4, runoff coefficients were computed as total nmoff 
volume divided by total rainfall volume. Coefficients ranged from 0.00096 to 16.1. The 
mean coefficients for the 18 monitoring sites ranged from 0.0052 to 3.88. The median 
coefficients ranged from 0.0036 to 3.71 (Table 5.1). The mean coefficient over all sites 
was 0.87 ± 0.33, and the median was 0.13. Coefficients were greater than 1.0 at sites 6, 7, 
8, and 18. Typically, runoff coefficients vary for different storm events, being larger for 
larger storms and shmter dry periods between storms (less influence of depression 
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storage and limited infiltration), but would not exceed a value of one, nor would they be 
very small for urban areas. 
Three possible explanations of obtaining runoff coefficients larger than one for 
these sites are illegal discharges of sanitary wastewater, groundwater infiltration, and 
underestimated drainage areas. Substantial contribution from sanitary wastewater should 
influence the water quality (higher concentrations of nutrients, BODs, and EC). The 
substantial contribution fi·om groundwater would also influence water quality; for 
example, concentrations of heavy metals (i.e., Zn, Cu, Pb, and Cr) would be lower 
because of a dilution effect. The results in Chapter 3 do not support these hypotheses. 
It is more likely that these four drainage areas (sites 6, 7, 8, and 18) have been 
underestimated. We have recently confirmed this for sites 6 and 7, from the fact that the 
drainage piping networks extend significantly beyond the originally indicated drainage 
areas for these sites. The extension is in rough propmtion to the amount by which the 
runoff coefficient exceeds unity. The low values of measured runoff coefficient may be 
the result of infiltration in unsaturated soil at low rainfall (sites 1, 9, 10, and 14) and 
overestimated drainage areas (i.e., site 15). The value much smaller than 1 (0.033) of the 
runoff coefficient for site 15 is confirmed by the fact that the slopes and outfalls for 
drainage pipes of site 15 indicate that the effective drainage area is much smaller than the 
one that was indicated originally. Despite these modifications, the product jJ A remains 
valid, even for jJ > 1, because jJ is multiplied by the same factor by which A is divided. 
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5.2.2 Concentrations of Zn and Cu in Stormwater 
Regarding the estimation of metal concentrations in runoff volume, consider Zn 
and Cu from site 15 during the 6-hour rainfall event from August 12, 2002, 6:00 p.m., to 
August 13, 2002, 12:00 a.m. (midnight). Assuming that a 1.5-km stretch of the 6-lane I-
94 freeway is the source and that the freeway system in Milwaukee includes II 00 lane 
km (700 lane miles), the fraction of total Zn and Cu deposition is 8.04 x 10-3. 
The primary source of Cu in urban nmoff is automobile brake linings (McCuen, 
2004). The average brake wear rate is 8.8 mg/vehicle km (Warner et a!., 2002). The 
average brake lining is assumed to have a Cu concentration of 79 000 mg/kg (7.9%) 
(Brewer, 1997; Legret and Pagotto, 1999). Thus, the average deposition rate ofCu is 8.8 
x 0.079 = 0.70 mg/vehicle km. Clu·istensen and Guitm (1979) rep01ted that the average 
deposition rate of Zn is 3.0 mg/vehicle km. 
Consequently, with an antecedent dry period of 8.6 days, 1.685 X 107 vehicle 
freeway km traveled per day (1.047 x 107 vehicle freeway miles traveled per day), a 
runoff volume of 1274 m3, Zn concentration of 2.73 mg/L, and Cu concentration of 0.63 
mg/L are obtained, compared with measured event mean concentrations of 2.23 and 0.51 
mg/L, respectively. Hydraulic and pollutant data are from the MMSD (2003) and 
highway data from the Texas Transp01tation Institute (2005). Because of several 
uncettainties, for example, in contributing freeway length and amounts of Zn and Cu 
deposition in the watershed, the agreement between measured and calculated values 
should only be taken as an indication within an order of magnitude, that Zn and Cu from 
highways appear to be a significant source of Zn and Cu in runoff. 
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5.2.3 Constituent Loads 
Event mass loads of Zn, Cu, Cd, Ni, Cr, Pb, Hg, Ag, BODs, TSS, EC, FC, TSP, 
and TP were estimated according to eqs 12 to 16 and also using eqs 18 to 20. Results 
using eqs 12 to 16 are shown in Table 5.2, which presents the deposition coefficient a and 
R2 from the model fit. The model perfmmed better for all constituents, except TSP, when 
ld was included in the buildup term. This indicates that the release of soluble phosphorus 
may be more dependent on storm duration and intensity than accumulation during dry 
periods. The R2 values for all constituents, except TSS and Ag, based on an assumption 
of a clean surface after the last storm in eq 14, are less than the R2 values obtained from 
eq 15, suggesting that the load retained after the previous storm is significant and that 
constituents such as metals, phosphorus, and bacteria, associated with smaller particles, 
are more likely to be trapped on the drainage area at the end of the previous storm than 
bulk TSS. Figures 5.1, 5.2, 5.3, and 5.4 show a comparison of measured and predicted 
loads of Zn, Cu, Cd, Ni, Cr, Pb, Hg, Ag, BODs, TSS, EC, FC, TSP, and TP. The load 
model based on the retained mass after two previous storms ( eq 16) gave less accurate 
results, as shown in Table 5.2. 
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Figure 5.1. Calculated versus measured loads of zinc (Zn), copper (Cu), cadmium (Cd), 
and nickel (Ni), considering fd for two events. 
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Figure 5.2. Calculated versus measured loads of chromium (Cr), lead (Pb ), mercury 
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Figure 5.3. Calculated versus measured loads ofBOD5, total suspended solids (TSS), E. 
coli (EC), and fecal coliform (FC), considering td for two events. 
Kg/event (measured) 
10' T'~~~~~~~~~n=~~ 
a = 5.62 x 1 o·2 kglhald 
10' 
10' 
c = 0.607 cm"1 
R2 = 0.542 
n = 437 
0 
a 
A 
• • 
TP 
1Q·5 1Q-4 1Q·3 1Q·2 1Q·I 10° 101 1Q2 103 
Kg/event (measured) 
113 
Site No. 
0 1 
A 2 
I 3 
.. 4 
0 5 
0 6 
7 
00 8 
0 9 
0 10 
T 11 
A 12 
0 13 
.. 14 
~ 15 
a 16 
• 17 
• 18 
Figure 5.4. Calculated versus measured loads of total soluble phosphorus (TSP) and total 
phosphorus (TP), considering td for two events. 
An average of 78% removal of pollutant mass (i.e., the square bracket in eq 12) 
was selected as an optimum, giving c values for all constituents of approximately 0.6 em· 
1
• Alley (1981) repotted that a runoff volume of 12.7 mm would wash off 90% of a 
pollutant from effective impervious surfaces, regardless of duration and whether or not 
the runoff was uniform. The conesponding cis 1.81 cm·1• Charbeneau and Barrett (1998) 
found that approximately 85% of TSS was actually removed. Alley (1981) reported that 
average c values for eight storms based on total runoff ranged from 0.63 cm·1 (nitrogen) 
to 1.30 cm·1 (suspended solids). Grottker (1987) found c values based on effective 
rainfall ranging from 0.21 cm·1 (Cd) to 3.20 cm·1 (Ni). 
There was some improvement in the model fit, as shown by an increasing R2, 
when losses of Cu, Ni, and Hg during buildup according to eqs 18 to 20 were included. 
The optimal K values were 0.036 day"1 for Cu and Ni and 0.2 day"1 for Hg. Thus, 
characteristic times for losses 1/K (days) were 28 days for Cu and Ni and 5 days for Hg. 
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The reason for the shorter time for Hg is probably that this element exists in many 
volatile compounds and therefore is more likely to undergo relatively rapid losses. 
Land use factors a (mass load at specific site divided by mass load for all regions) 
were estimated as a measure of that site's relative contribution to the pollutant load. 
These factors, based on eqs 12 and 15, are shown in Figures 5.5 and 5.6. Factors (a) for 
many metals were greater than 1.0 at sites 4, 5, 15, and 18. Also, a factors for BODs and 
TP were greater than 1 at site 4. The values of a factors for EC and FC were greater than 
I at 10 sites (4, 6, 7, 8, 9, 12, 13, 14, 17, and 18). The land-use factor can be used as a 
parameter to understand the relative contribution of pollutant load in each stormwater 
catchment. A catchment with significant highway(s) and parking lot(s) will give a high 
a, value for metals, as seen in Table 5.1 and Figure 5.5. Catchments with residential, open 
lands, or recreational areas display high a values for BODs, TP, EC, and FC (Table 5.1 
and Figure 5.6). 
Deposition fluxes aa of Cu, Cd, and Pb based on eqs 12 and 15, at site 15, were 
5.96x 10'3, 5.84x 10-s, and 2.47x 10·3 kg/ha/d, respectively. Deposition fluxes of Cu, Cd, 
and Pb at site 18 were 2.31 x 10·3, 3.46x 10-s, and 8.93x 10'4 kg/bald, respectively. By 
comparison, Hanison and Jolmston (1985) reported that deposition fluxes ofCu, Cd, and 
Pb on the verges of a major highway in northwest England range between 1.43x I o·4 and 
2.07x10·3, 1.43x10-s and 2.43xto·4, and 3.29xl0'4 and 0.016 kg/hald, respectively. Thus, 
fluxes of Cd and Pb at sites 15 and 18 were within the ranges reported above. The 
deposition fluxes of Cu at sites 15 and 18 were just above the above-mentioned range. 
The load model gave deposition fluxes of Zn of 0.0236 (site 15) and 0.0102 (site 18) 
kg/bald. Sabin et al. (2005) detennined atmospheric deposition rates in Los Angeles, 
115 
Calfornia, of 10 and 43 ~tg/m2/d (l.OxJ0-4 and 4.3xJ0-4 kg/ha/d) within a 5-ha area of 
limited local metal sources for Cu and Zn, respectively, fmiher indicating that local 
inputs generally are significantly higher than atmospheric inputs. 
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Figure 5.5. Land use factors(± std. err. of mean) for (a) Cu, Zn, Cd, (b) Cr, Ni, Pb, (c) 
Ag, and Hg, considering fd for two events. 
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Figure 5.6. Land use factors(± std. err. of mean) for (a) BOD5, TP, TSP, (b) EC, FC, and 
TSS, considering fd for two events. 
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5.2.4 Relationship between Mass Loads of Zn, Cu, and Other Metals in Stormwater 
Runoff 
Ratios between Zn and Cu deposition fluxes aa are 4.0 (site 15), 4.7 (site 16), and 
4.4 (site 18). These three sites have significant automobile traffic. The ratio between the 
average Zn and Cu vehicle deposition rates is 3.0 mg Znlvehicle km/0. 70 mg Cu/vehicle 
km = 4.3. Also, the ratio between Zn and Cu concentrations at site 18, at fd = 25 days in 
Figure 5.7, is 1.43 mg/L /0.3 mg/L = 4.77. This is in agreement with the ratio between the 
range of ratios of Zn and Cu deposition fluxes aa ( 4.0 to 4. 7) and average Zn and Cu 
vehicle deposition rates (4.3), which, with the linear correlation of metal concentrations 
versus antecedent dry period, as illustrated in Figure 5. 7, indicate that the measured Zn 
and Cu in fact is derived from automobile traffic. 
Table 5.3 summarizes the comparison of ratios between concentrations of Zn and 
other metals with ratios of deposition fluxes (eqs 12 and 15) of Zn and other metals (Cu, 
Cd, Ni, Cr, and Pb) at sites 6, 15, 16, and 18. Ratios of deposition fluxes at sites 18 and 
associated concentration ratios from Figure 5.7 are assumed to be indicators of traffic-
related sources. Table 5.3 shows that all metals at these sites can be viewed as having 
automobiles as a main source, except Cr at site 6, 15, and 16; Cd and Ni at site 6; and Pb 
at site 6. Possible nonautomotive sources of selected metals include metal plating (Cr and 
Ni), asphalt paving (Ni), and insecticide application (Cd) (Colman eta!., 2001). 
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Figure 5.7. Concentrations of Zn, Cu, Cd, Ni, Cr, and Pb vs antecedent dry period, fd at 
site 18 (Miller Park stadium parking lot). 
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The main new points developed here are the following: 
(I) A new dry-period-based load model for pollutants in urban runoff, in 
which the influence of each dry period before a storm event on the 
calculated load can be evaluated; and 
(2) Demonstration of the fact that including not only the immediately 
preceding dry period, but also a weighted contribution from one additional 
preceding dry period improves the model fit for the following constituents: 
Zn, Cu, Cd, Ni, Cr, Pb, Hg, BOD5, bacteria, TSP, and TP. 
The additional te1m reflects the load retained on the drainage area after the 
previous stom1. Only the model fits for TSS and Ag are not improved by the 
consideration of an additional dry pe1iod. 
Previous models as developed by, for example, Alley and Smith (1981) and Kim 
et al. (2006) are limited to parameters such as nitrogen, lead, TSS, and chemical oxygen 
demand and do not express the calculated load in terms of a closed-fotm expression with 
previous dry periods as parameters. Also, only Alley and Smith (1981) compare models 
with different antecedent dry conditions (nitrogen, lead, and TSS). 
Although the developed model can consider maximum pollutant buildup on the 
drainage area resulting from removal by wind or decay, we find that a linear model 
appears to be sufficient for the data considered here, based on linear metal concentrations 
versus the dry period in Figure 5. 7, except perhaps for Hg, and, to a lesser extent, Cu and 
Ni. Data for the bacteria concentrations versus the dry period (not shown) also support a 
linear model, up to fd = 25 days. It may be expected that exponential buildup terms, as in 
eqs 18 to 20, would apply to drier climates with long antecedent dry periods, as is found 
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in the southwestern United States. In addition to introducing new theoretical and practical 
aspects mentioned above, this work can also serve as basis for comparisons with load 
estimates for other drainage areas. 
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VI. MODELING OF STORMWATER POLLUTANT WAS HOFF 
Many stormwater mass models are based on the assumption that the rate of 
pollutant washoff on effective impervious surfaces is proportional to the remaining 
pollutant mass (Sartor eta!., 1974; Alley, 1981; Alley and Smith, 1981; Grottker, 1987; 
Akan, 1988; Charbeneau and Barrett, 1998; Osuch-Pajdzinska and Zawilski, 1998). Most 
previous studies have focused on detennining the pollutant mass from buildup and 
wash off models mainly on impervious highway catchments. 
Chen and Adams (2006) proposed a new pollutant mass model from which 
parameters of a washoff rate function can be determined. However, this model was 
developed based on constant parameters of the buildup function without spatial variation. 
In most cases, a study catchment does not represent a homogeneous land use (Butcher, 
2003). There are few studies of pollutant washoffrates for residential and open land areas 
even though these areas are major sources of nutrients and bacteria in stormwater nmoff 
(Bannerman et a!., 1993; Soonthonmonda and Christensen, 2007a). There is also a need 
to characterize pollutant removal during different phases of the runoff hydrograph. In 
addition, little infmmation is available on bacteria removal during storm events. Bacteria 
(e.g., EC and FC) are microbial indicators of recreational water quality. Wade et a!. 
(2003) repol'ted that it is more consistent to use EC as a predictor for gastrointestinal 
illness. 
In this chapter, a wash off rate equation for stormwater pollutant mass was derived 
based on a linear buildup fommlation. The transpmi coefficient c in the washoff rate 
reflects the ability to remove the pollutant mass from the catchment surface (Segana-
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Garcia and Loganathan, 1994). Thus, it is important to have a good estimate of the proper 
value of c for individual pollutants. Values of c for seven metals (i.e., Zn, Cu, Cd, Ni, Pb, 
Hg, and Ag), TSS, BOD5, TP, EC, and FC were estimated using the proposed washoff 
rate equation. Pollutant removal is described relative to characteristic phases of the 
stonnwater hydro graphs for drainage areas of mixed land uses. 
Four study areas, i.e., sites SWMI07, SWWB09, SWWA13, and SWMI15), fi·om 
18 study sites were investigated. Sites SWMI07, SWWB09, and SWWA13 are a 
combination of residential, recreational, and open land areas, located in Milwaukee, 
Whitefish Bay, and Wauwatosa. Site SWMI15 is a combination of major highway (I-94) 
and residential areas. Stormwater mnoff from site SWMI07 drains to Lincoln Creek. The 
runoff from site SWWB09 draines to Lake Michigan, and Menomonee River receives 
stonnwater runoff from sites SWWA13 and SWMI15. 
Three rain events, i.e., September 22, 2005, November 5, 2005, and November 
14, 2005, were selected to study (Figure 6.1). The antecedent dry periods for these events 
were 2.63, 12.7, and 2.0 days, respectively. The first sample for each event was taken at a 
specified time triggered by a certain water level in the storm sewer. The trigger point 
varied from site to site due to adjustments based on baseline flow. Up to seven additional 
samples were taken at subsequent half-hour intervals, with the last sample typically 
corresponding to the end of significant runoff. Parts of the work shown in this chapter can 
be also found in Soonthornnonda et al. (2007b ). 
6.1 Pollutant Washoff Rate 
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This washoff model is based on the following first order equation describing the 
pollutant mass remaining on a surface at time t after onset of a stmm, 
dM 
-=-ckM 
dt 
(29) 
where, M = pollutant mass (kg); c = transport coefficient (cm-1); k = average event 
rainfall intensity (cm/hr). By integration we obtain M =M,e·ckt where M
0 
is the initial 
mass on the area at t = 0. Thus, the rate of mass removal JVf is 
(30) 
Eqs 29 and 30, or similar equations, were formulated by Sartor et al. (1974), Alley 
(1981), and Alley and Smith (1981). Assuming that the area was completely cleaned by 
the previous st01m, in Chapter 5, the initial mass Mo was described as a linear buildup 
function, 
(31) 
where, a = land use factor (kg/k&vernge); a = deposition coefficient (k&wcragcfha/d); jJ = 
runoff coefficient; A =catchment area (ha); fd = antecedent dry time (d). The effective 
area A, is jJ A. The runoff coefficient jJ in eq 31 indicates that only the fraction jJ of 
the accumulated mass is available to be removed by the stonnwater. 
According to eqs 30 and 31, the mass wash off rate can be described as follows: 
dM _ k{ p'At ) -rkt 
---c \aa d e 
dt 
Rearranging eq 32, 
(32) 
dM 
dt ~ckt ce 
Taking natural logs of both sides, we obtain 
[ 
dM l ln !11 = lnc- ckt 
aaf3At" k 
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(33) 
(34) 
By letting dM = Q(t) C(t) where Q(t) and C(t) are the flow (m3 /sec) and the 
dt 
pollutant concentration (kglm\ respectively, eq 34 becomes 
ln( Q(t! C(t) ) = ln c- ckt 
aaf3Atd k 
(35) 
Thus, log of the normalized mass rate Q(t) C(t)/ a a Ae td k (cm-1) vs. the 
cumulative rainfall kt (em) should be a straight line with intercept ln c and slope c. For 
these plots, examples of which will be described later, we used flow, concentration, and 
rainfall data fi·om MMSD (2003) and deposition rates from Table 6.!. If the plots are 
linear, or nearly so, that would support the validity of eq 32. 
An approximate expression for the pollutant concentration C(t) can be developed 
as follows. During the time dt the pollutant mass and runoff volume are 
(36) 
dV = A/Jkdt (37) 
Thus, the concentration C(t) = dM / dV is 
dM C(t) =- = ca atd e-ckt 
dV 
(38) 
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Equation 36 follows from eq 32, and eq 37 expresses the volume of runoff as the 
runoff fraction Jj of the total rainfall volume. Note that the derivation of eq 38 is related 
to the formulation of Charbeneau and Barrett (1998), but modified to include specific 
consideration of the runoff coefficient Jj, deposition rate (aa}, and antecedent dry period 
It is interesting to note that if the runoff coefficient can be written as a ratio of 
steady-state rates of runoff and rainfall, Jj = Q(t)/ Ak, rather than as a ratio between 
corresponding volumes, eq 35 becomes 
In( C(t)) = lnc-ckt 
aatd 
(39) 
The right-hand side of this equation is identical to the right-hand side of eq 34. 
The general features of results obtained from this equation will be discussed and 
considered a few examples of the application of eq 38 for pollutant concentrations. 
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Table 6.1. Summary of a and a values used in eqs 35, 38, and 39. 
Land use factor a, kg/kg,,.,.9, 
a 
Pollutant Deposition coefficient 
SWMI07 SWWB09 SWWA13 SWMI15 a, kg,,,,,9.,iha/db 
Zn 0.730 0.238 0.268 3.17 7.43x10'3 
Cu 0.687 0.576 0.684 4.12 1.45 X 10'3 
Cd 0.657 0.163 0.223 1.82 3.20 X 10'5 
Ni 0.514 0.177 0.249 1.33 4.62 X 10'4 
Pb 0.842 0.316 0.366 2.26 1.09 X 10'3 
Hg 0.723 0.213 0.378 1.54 1.26 X 10'6 
Ag 0.277 0.108 0.248 0.485 2.25 X 10'5 
BODs 0.705 0.413 0.655 0.748 0.992 
TSS 0.356 0.142 0.196 0.780 14.8 
EC 3.39 2.74 7.09 0.225 2.66 X 109 
FC 4.37 3.45 7.73 0.255 4.49 X 109 
TP 0.418 0.208 0.393 0.494 5.62 X 10'2 
'CFU/CFU,,,,.9, for E. coli and fecal coliform. 
bCFU.,,,.9.,iha/d for E. coli and fecal coliform. 
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6.2 Results and Discussion 
The washoff rate and concentration models ( eqs 35 - 38) were applied to data 
from three rainfall events and twelve pollutants. The washoff models represented by eqs 
35 and 39 are derived from eq 29 where the flow Q is assumed to be constant and they 
were therefore applied to the near constant portion of the hydro graphs at peak flows. An 
improvement of fits was in fact achieved by omitting points in the early and late portions 
of the hydrographs. 
Most regressions for 12 pollutants, i.e., Zn, Cu, Cd, Ni, Pb, Hg, Ag, TSS, BOD5, 
TP, EC, and FC (Figures 6.2 - 6.25) provide substantial support for log-linear fits. The 
initial pmtion of hydrograph limb reflects that rain impact on a dry surface results in 
more splash related energy, compared to later periods when there is a thin film of flowing 
water moving across the surface that can wash off larger materials (Pitt et al., 2004). The 
late portion of declining hydro graph limb can indicate increased loading of large particles 
that may not be source limited, or may show the effect of annor shielding. When the 
corresponding points are omitted from the regressions, the resulting linear fits improve 
(Figures 6.2 and 6.25). Calculated values of the transport coefficient c for pertinent 
pollutants, sites, and events based on eq 35 are listed in Tables 6.2 and 6.3. 
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Figure 6.1. Hydrograps and hyetographs with sampling times of washoff data for sites 
SWMI07, SWWB09, SWWA13, and SWMI15 with precipitation gauges WS1202, 
WS1212, WS1210, and WS1221, respectively. Open symbols indicate data points that 
are excluded in the calculations. 
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Figure 6.2. Washoffmass rate plots for Zn at sites SWMI07, SWWB09, and SWWA13. 
Open symbols indicate that the data were excluded from the calculations. 
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Figure 6.3. Washoffmass rate plots for E. coli at sites SWMI07, SWWB09, SWWA13, 
and SWMI15. Open symbols indicate that the data were excluded from the calculations. 
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Figure 6.4. Washoffmass rate plots for TP at sites SWMI07, SWWB09, SWWA13, and 
SWMI15. Open symbols indicate that the data were excluded from the calculations. 
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Figure 6.5. Washoffmass rate plots for TSS at sites SWMI07, SWWB09, SWWA13, 
and SWMI15. Open symbols indicate that the data were excluded from the calculations. 
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Figure 6.6. Washoffmass rate plots for fecal coliform at sites SWMI07, SWWB09, 
SWWA13, and SWMI15. Open symbols indicate that the data were excluded from the 
calculations. 
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SWWA13. Open symbols indicate that the data were excluded from the calculations. 
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Figure 6.8. Washoffmass rate plots for Hg at sites SWMI07, SWWB09, and SWWA13. 
Open symbols indicate that the data were excluded fi·om the calculations. 
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Figure 6.9. Washoffmass rate plots for Ag at sites SWMI07, SWWB09, and SWWA13. 
Open symbols indicate that the data were excluded from the calculations. 
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Figure 6.10. Washoffmass rate plots for Cd at sites SWMI07, SWWB09, and 
SWWA13. Open symbols indicate that the data were excluded from the calculations. 
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Figure 6. II. Washoffmass rate plots for Cu at sites SWMI07, SWWB09, and 
SWWAI3. Open symbols indicate that the data were excluded from the calculations. 
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Figure 6.12. Washoffmass rate plots for Ni at sites SWMI07, SWWB09, and SWWA13. 
Open symbols indicate that the data were excluded from the calculations. 
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Figure 6.13. Washoffmass rate plots for Pb at sites SWMI07, SWWB09, and SWWA13. 
Open symbols indicate that the data were excluded from the calculations. 
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Figure 6.14. Washoff concentration plots for Zn at sites SWMI07, SWWB09, and 
SWWA13. Open symbols indicate that the data were excluded from the calculations. 
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Figure 6.15. Washoff concentration plots for E. coli at sites SWMI07, SWWB09, 
SWWA13, and SWMI15. Open symbols indicate that the data were excluded from the 
calculations. 
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Figure 6.16. Washoff concentration plots for TP at sites SWMI07, SWWB09, 
SWWA13, and SWMI15. Open symbols indicate that the data were excluded from the 
calculations. 
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Figure 6.17. Washoff concentration plots for TSS at sites SWMI07, SWWB09, 
SWWA13, and SWMIIS. Open symbols indicate that the data were excluded fi·om the 
calculations. 
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Figure 6.18. Washoff concentration plots for fecal coliform at sites SWMI07, SWWB09, 
SWWA13, and SWMI15. Open symbols indicate that the data were excluded from the 
calculations. 
c 
0 
~ 
c 
~ 
SWMI07 1ooo~~~ .. ~~~~~""M8 
11114105 R2 ~ O.D16Z 
100 
10 
' 
148 
SWWB09 
1000 oon-rrr~crron-T;.;.;.;c;..;::.:;.;:,.TrTrrnCTTTTTr.J 
11/14/05 R2 ~ 0.0713 
100 ;- .-· 
10 
c 
8 0.0 0.1 0.2 0.3 0.4 0.5 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 
al 
.to! 
ro 
E 
0 
z 
1000 
100 
10 
... 
-··-· 
0.10 0.15 
SWWA13 
11/14/05 R2 ~ 0.0873 
... 
-·~ 
... 
... 
0.20 0.25 0.30 0.35 
Rainfall, kt (em) 
Figure 6.19. Washoffconcentration plots for BODs at sites SWMI07, SWWB09, and 
SWWA13. Open symbols indicate that the data were excluded from the calculations. 
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Figure 6.20. Washoff concentration plots for Hg at sites SWMI07, SWWB09, and 
SWWA13. Open symbols indicate that the data were excluded from the calculations. 
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Figure 6.21. Washoff concentration plots for Ag at sites SWMI07, SWWB09, and 
SWW Al3. Open symbols indicate that the data were excluded from the calculations. 
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Figure 6.22. Washoff concentration plots for Cd at sites SWMI07, SWWB09, and 
SWWA13. Open symbols indicate that the data were excluded from the calculations. 
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Figure 6.23. Washoff concentration plots for Cu at sites SWMI07, SWWB09, and 
SWW A13. Open symbols indicate that the data were excluded from the calculations. 
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Figure 6.24. Washoff col)centration plots for Ni at sites SWMI07, SWWB09, and 
SWWA13. Open symbols indicate that the data were excluded from the calculations. 
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Figure 6.25. Washoff concentration plots for Pb at sites SWMI07, SWWB09, and 
SWWA13. Open symbols indicate that the data were excluded from the calculations. 
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6.2.1 Comparison of Modeled and Measured Mass Rates 
Figures 6.2 - 6.13 show plots of eq. 35 for all 13 pollutants, i.e., Zn, Cu, Cd, Ni, 
Pb, Hg, Ag, TSS, BODs, TP, EC, and FC. The negative slopes of the linear regressions 
represent the transport coefficients c in cm·1• Sixty seven percent of all monitored data 
from seven metals, three storm events, and three sites indicate R2 values of >0.50 with the 
number of points between 3 and 5 (Table 6.2). 
Plots of eq 35 for EC are illustrated in Figure 6.3. The linear correlations are also 
here reasonably good with most R2?. 0.60. For FC the quality of the linear regressions are 
also favorable (Table 6.3). The 11/05/2005 event displays smaller c values for most 
pollutants from sites SWWA13 and SWMI07. This may reflect that the hydrograph has 
reached the near constant flow washoff segment which can be seen from Figure 6.1 b. 
Note that a load model indicates comparable low c values around 0.60 cm·1 
(Soonthorllllonda and Cln·istensen, 2007a). Total suspended solids for events 09/22/2005 
and 11114/2005 show good linearity (Table 6.3). The BODs gave good fits for one event 
in site SWMI07. The linearity of the TP plots is comparable to that of other constituents 
of Table 6.3. 
6.2.2 Comparison of Modeled and Measured Concentrations 
Using eq 38 for Zn with c = 4.69 cm·1 gives calculated Zn concentrations ranging 
from 0.0942 to 0.0299 mg/L for kt = 0.116 to 0.361 em considering site SWWB09 for the 
11114/2005 event. This should be compared with measured Zn concentrations ranging 
from 0.073 to 0.063 mg/L. Similarly, calculated EC concentrations for site SWMI07 
156 
during the 11/14/2005 event are between 65,700 and 14,700 CFU/100 mL, to be 
compared with measured values of 20,000 and 5, 700 CFU/1 00 mL with corresponding kt 
values of 0.0815 and 0.326 em. Other comparisons are less favorable although calculated 
and measured concentrations mostly are within an order of magnitude of each other. 
Plots of log normalized concentrations vs. rainfall kt (not shown) using eq 39 
(Figures 6.14 -6.25) are comparable to those for normalized mass rate (Figures 6.2 -
6.13), except that the linearity, measured by R2, and the transport coefficients c both 
generally are lower (Tables 6.4 and 6.5). Some concentrations plots show nearly constant 
values (Hg and Cd) vs. kt for selected sites and events. 
Ta
bl
e 
6.
2.
 S
um
m
ar
y 
o
f c
 v
al
ue
s o
bt
ai
ne
d 
by
 p
lo
tti
ng
 e
q 
35
 fo
r m
et
al
s. 
Tr
an
sp
or
t c
o
e
ffi
cie
nt
, s
lo
pe
, c
 (c
m.
1 )
 
Co
ns
tit
ue
nt
 
Ev
en
t 
SW
M
I0
7 
SW
W
B0
9 
c 
R2
 
n
• 
c 
R2
 
n
 
c 
Zn
 
09
/2
2/
05
 
2.
17
 
11
/0
5/
05
 
1.
16
 
11
/1
4/
05
 
8.
87
 
0.
35
6 
3 
8.
90
 
0.
64
8 
4 
2.
37
 
Cu
 
09
/2
2/
05
 
2.
16
 
11
/0
5/
05
 
1.
37
 
11
/1
4/
05
 
10
.7
 
0.
36
4 
3 
2.
79
 
0.
03
53
 
4 
5.
92
 
Cd
 
09
/2
2/
05
 
1.
45
 
11
/0
5/
05
 
-
0.
16
8 
11
/1
4/
05
 
6.
26
 
0.
45
7 
3 
6.
22
 
0.
69
0 
4 
1.
38
 
Ni
 
09
/2
2/
05
 
1.
45
 
11
/0
5/
05
 
0.
44
2 
11
/1
4/
05
 
7.
40
 
0.
31
5 
3 
10
.6
 
0.
96
5 
4 
2.
57
 
Pb
 
09
/2
2/
05
 
1.
07
 
11
/0
5/
05
 
-
0.
32
0 
11
/1
4/
05
 
12
.1
 
0.
88
6 
3 
11
.4
 
0.
58
6 
4 
6.
28
 
Hg
 
09
/2
2/
05
 
11
/0
5/
05
 
11
/1
4/
05
 
6.
26
 
0.
45
7 
3 
6.
60
 
0.
72
5 
3 
-
2.
51
 
Ag
 
09
/2
2/
05
 
2.
66
 
11
/0
5/
05
 
-
0.
16
8 
11
/1
4/
05
 
6.
26
 
0.
45
7 
3 
13
.5
 
0.
98
1 
4 
1.
38
 
a 
n
 -
n
u
m
be
r o
f d
at
a 
po
in
ts
 
SW
W
A1
3 
R2
 
0.
91
6 
0.
93
8 
0.
94
4 
0.
90
0 
1.
00
 
0.
80
4 
0.
95
3 
0.
20
6 
0.
66
1 
0.
69
4 
0.
27
6 
0.
59
1 
0.
51
3 
0.
89
1 
0.
82
8 
0.
36
3 
1.
00
 
0.
20
6 
0.
66
1 
n
 3 3 5 3 3 5 3 3 5 3 3 5 3 3 5 5 3 3 5 
A
ve
ra
ge
± 
st
an
da
rd
 e
rr
o
r 
o
f t
he
 m
ea
n 
4.
69
 ±
 1
.7
2 
4.
59
 ±
 1
.7
1 
3.
03
 ±
 1
.3
4 
4.
49
 ±
 1
.7
3 
6.
10
 ±
 2
.5
5 
3.
45
 ±
 2
.9
8 
4.
73
 ±
 2
.4
4 
- V
> 
.
.
_
, 
T
ab
le
 6
.3
. 
Su
m
m
ar
y 
o
f c
 v
a
lu
es
 o
bt
ai
ne
d 
by
 p
lo
tti
ng
 e
q 
35
 f
or
 B
O
D
5,
 
T
SS
, T
P,
 a
n
d 
ba
ct
er
ia
. 
Tr
an
sp
or
t c
o
ef
fic
ie
nt
, s
lo
pe
, c
 (c
m'
1 )
 
A
ve
ra
ge
± 
Co
ns
tit
ue
nt
 
Ev
en
t 
SW
M
I0
7 
SW
W
B0
9 
SW
W
A
13
 
SW
M
I1
5 
st
an
da
rd
 e
rr
o
r 
of
 th
e 
m
e
a
n
 
c 
R2
 
n•
 
c 
R2
 
n
 
c 
R2
 
n
 
c 
R2
 
n
 
BO
Ds
 
09
/2
2/
05
 
11
/0
5/
05
 
11
/1
4/
05
 
12
.6
 
0.
89
1 
3 
4.
47
 
0.
12
7 
3 
-
1.
35
 
0.
02
67
 
5 
5.
24
 ±
 4
.0
5 
TS
S 
09
/2
2/
05
 
4.
41
 
0.
99
8 
3 
3.
42
 
0.
91
7 
3 
6.
54
 
0.
94
1 
3 
11
/0
5/
05
 
0.
78
9 
0.
07
10
 
5 
1.
29
 
0.
11
2 
4 
2.
46
 
0.
22
6 
4 
11
/1
4/
05
 
22
.0
 
0.
88
0 
3 
20
.4
 
0.
96
7 
4 
3.
08
 
0.
42
9 
5 
7.
16
±2
.7
2 
E.
 c
o
li 
09
/2
2/
05
 
6.
43
 
0.
68
4 
4 
8.
02
 
0.
95
1 
3 
2.
44
 
0.
92
7 
3 
11
/0
5/
05
 
3.
29
 
0.
90
8 
4 
-
0.
03
21
 
0.
00
28
0 
4 
6.
95
 
0.
84
8 
4 
11
/1
4/
05
 
24
.6
 
0.
90
0 
3 
-
5.
85
 
0.
02
74
 
4 
9.
22
 
0.
92
3 
5 
6.
12
 ±
 2
.7
9 
Fe
ca
l c
o
lif
or
m
 
09
/2
2/
05
 
5.
29
 
0.
81
6 
4 
7.
02
 
1.
00
 
3 
8.
48
 
0.
59
8 
3 
11
/0
5/
05
 
1.
85
 
0.
68
0 
5 
0.
05
93
 
0.
00
81
0 
4 
6.
83
 
0.
92
2 
4 
11
/1
4/
05
 
24
.7
 
1.
00
 
3 
-
5.
79
 
0.
03
42
 
4 
9.
44
 
0.
88
2 
5 
6.
43
 ±
 2
.7
9 
TP
 
09
/2
2/
05
 
0.
19
4 
0.
05
41
 
4 
-
1.
36
 
0.
98
8 
3 
1.
00
 
0.
99
8 
3 
11
/0
5/
05
 
1.
65
 
0.
92
9 
5 
2.
03
 
0.
85
7 
4 
2.
49
 
0.
55
7 
4 
11
/1
4/
05
 
4.
99
 
0.
30
3 
3 
7.
66
 
0.
69
2 
4 
0.
40
0 
0.
07
74
 
5 
2.
12
 ±
 0
.9
07
 
•
 
n
 -
n
u
m
be
r o
f d
at
a 
po
in
ts 
- V
> 
00
 
Ta
bl
e 
6.
4.
 S
um
m
ar
y 
o
f c
 v
a
lu
es
 o
bt
ai
ne
d 
by
 p
lo
tti
ng
 e
q 
39
 fo
r m
e
ta
ls
. 
Tr
an
sp
or
t c
o
e
ffi
cie
nt
. s
lo
pe
, c
 (c
m'
1 )
 
Co
ns
tit
ue
nt
 
Ev
en
t 
SW
M
I0
7 
SW
W
B0
9 
c 
R2
 
n"
 
c 
R2
 
n
 
c 
Zn
 
09
/2
2/
05
 
0.
72
1 
11
/0
5/
05
 
1.
33
 
11
/1
4/
05
 
2.
61
 
0.
20
8 
3 
2.
67
 
0.
47
6 
4 
0.
98
8 
Cu
 
09
/2
2/
05
 
0.
70
9 
11
/0
5/
05
 
1.
54
 
11
/1
4/
05
 
4.
44
 
0.
26
9 
3 
-
3.
43
 
0.
09
71
 
4 
4.
54
 
Cd
 
09
/2
2/
05
 
11
/0
5/
05
 
11
/1
4/
05
 
Ni
 
09
/2
2/
05
 
11
/0
5/
05
 
0.
61
0 
11
/1
4/
05
 
1.
15
 
0.
07
26
 
3 
4.
37
 
0.
59
1 
4 
1.
19
 
Pb
 
09
/2
2/
05
 
-
0.
38
2 
11
/0
5/
05
 
-
0.
15
1 
11
/1
4/
05
 
5.
81
 
0.
84
3 
3 
5.
17
 
0.
47
6 
4 
4.
90
 
Hg
 
09
/2
2/
05
 
11
/0
5/
05
 
11
/1
4/
05
 
-
3.
90
 
Ag
 
09
/2
2/
05
 
1.
21
 
11
/0
5/
05
 
11
/1
4/
05
 
7.
28
 
0.
60
0 
4 
n
 =
 n
u
m
be
r o
f d
at
a 
po
in
ts
 
SW
W
A1
3 
R2
 
n
 
0.
35
2 
3 
0.
81
7 
3 
0.
60
9 
5 
0.
76
1 
3 
0.
95
9 
3 
0.
57
5 
5 
0.
25
4 
3 
0.
31
2 
5 
0.
07
26
 
3 
0.
15
0 
3 
0.
65
1 
5 
0.
50
0 
5 
0.
90
3 
3 
Av
er
ag
e±
 
st
an
da
rd
 e
rr
o
r 
o
f t
he
 m
ea
n 
1.
67
 ±
 0
.4
11
 
1.
56
 ±
 1
.4
6 
1.
83
 ±
 0
.8
57
 
3.
07
 ±
 1
.3
7 
4.
24
 ±
 3
.0
3 
V
> 
'
D
 
Ta
bl
e 
6.
5.
 S
um
m
ar
y 
o
f c
 v
a
lu
es
 o
bt
ai
ne
d 
by
 p
lo
tti
ng
 e
q 
39
 fo
r B
O
D
5,
 
TS
S,
 T
P
, a
n
d 
ba
ct
er
ia
. 
Tr
an
sp
or
t c
oe
ffi
cie
nt
, s
lo
pe
, c
 (c
m-
1 )
 
Co
ns
tit
ue
nt
 
Ev
en
t 
SW
M
\0
7 
SW
W
B0
9 
SW
W
A1
3 
c 
R
t 
n•
 
c 
R2
 
n
 
c 
R2
 
BO
Ds
 
09
/2
2/
05
 
11
/0
5/
05
 
11
/1
4/
05
 
-
0.
15
6 
0.
01
62
 
3 
-
2.
13
 
0.
07
13
 
3 
-
2.
73
 
0.
08
73
 
TS
S 
09
/2
2/
05
 
3.
80
 
0.
95
6 
3 
2.
67
 
0.
84
0 
11
/0
5/
05
 
0.
24
7 
0.
00
72
 
5 
1.
32
 
0.
15
4 
11
/1
4/
05
 
15
.7
 
0.
99
3 
3 
14
.2
 
0.
99
6 
4 
1.
70
 
0.
25
0 
E.
 c
o
li 
09
/2
2/
05
 
5.
76
 
0.
58
7 
4 
7.
26
 
0.
93
2 
11
/0
5/
05
 
2.
75
 
0.
87
6 
4 
11
/1
4/
05
 
18
.4
 
0.
59
8 
3 
-
12
.1
 
0.
13
4 
4 
7.
84
 
0.
87
2 
Fe
ca
l c
o
lif
or
m
 
09
/2
2/
05
 
4.
63
 
0.
69
3 
4 
6.
26
 
0.
99
8 
11
/0
5/
05
 
1.
31
 
0.
50
0 
5 
0.
09
14
 
0.
60
0 
11
/1
4/
05
 
18
.4
 
0.
87
5 
3 
-
12
.0
 
0.
16
9 
4 
8.
06
 
0.
85
7 
TP
 
09
/2
2/
05
 
-
0.
47
3 
0.
85
2 
4 
-
2.
12
 
1.
00
 
11
/0
5/
05
 
1.
11
 
0.
84
6 
5 
2.
06
 
0.
98
8 
11
/1
4/
05
 
-
1.
27
 
0.
75
0 
3 
1.
44
 
0.
60
0 
4 
-
0.
98
2 
0.
71
6 
•
 
n
 -
n
u
m
be
r o
f d
at
a 
po
in
ts
 
SW
M
I1
5 
n
 
c 
R2
 
5 3 
4.
58
 
0.
91
7 
4 
1.
89
 
0.
14
7 
5 3 
0.
48
8 
0.
21
1 
6.
39
 
0.
88
0 
5 3 
6.
52
 
0.
48
7 
4 
6.
26
 
0.
85
2 
5 3 
-
0.
95
3 
0.
95
3 
4 
1.
92
 
0.
48
1 
5 
n
 3 4 3 4 3 4 3 4 
Av
er
ag
e±
 
st
an
da
rd
 e
rr
o
r 
o
f t
he
 m
ea
n 
5.
13
±1
.9
1 
4.
60
 ±
 3
.2
3 
4.
40
 ±
 2
.6
9 
0.
08
16
 ±
 0
.5
19
 
0'>
 
0 
161 
6.2.3 Transport Coefficients 
The transport coefficients c for seven metals, BOD5, TSS, TP, and bacteria based 
on eq 35 are shown in Tables 6.2 and 6.3. Considering metals, the highest c value (6.1 0 
cm-1) is for Pb and the lowest (3.03 cm-1) for Cu. These results indicate that the ability of 
metals to be removed from the surface is ranked in the order Pb>Ag>Zn>Cu>Ni>Hg>Cd 
which may reflect a decreasing degree of particle association with Pb having the highest, 
and Hg and Cd the least particle affinity. A related but not directly comparable result was 
obtained by Ellis et al. (1987) who investigated average removal rates to a catchment 
outfall from highway surface runoff in the northwestern London for Cd, Cu, Pb, and Zn. 
The order of removal rates (J.tg/m2/cm runoff) was Pb (370) > Zn (348) > Cu (92.2) > Cd 
( 4.80). These values indicate total removal rates whereas obtained coefficients are 
relative rates, -dM/(Mkdt), see eq 29. 
Four negative slopes for Cd, Hg, Pb, and Ag may indicate that while the 
particulate fraction is removed to some extent, contaminants in the soluble phase or 
additional solids are being replenished, and will only drop for larger kt values. Colman et 
al. (2001) suggested that a possible nonautomotive source of Cd is insecticide 
application. Cameron and Green (2005) stated that conm1on sources of Hg are latex paint 
and household detergents and that of Ag are batteries, fungicides, and medical supplies. 
Sansalone et al. (2005) indicated that Pb can come from anti-caking agents used on 
deicing salt. 
The transport of Zn, Cu, Ni, and Pb, especially from traffic emission (Sansalone 
et al., 2005), depends on deposition fluxes, and transport coefficients. Thus for a given 
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deposition flux, washoff is enhanced by a large transport coefficient which is found in 
area such as Whitefish Bay (SWWB09) with accessible and easily washable roads. 
Evidence for higher average pat1iculate concentration of Cd (~tg/g) in stormwater 
solids than that on road surface was confirmed by Revitt et a!. (1990) even though Cd 
showed less ability to be washed than other pollutants. Also, Ellis et a!. (1987) reported 
that Cd has the highest ratio of soluble to insoluble metal out of Cu, Pb, and Zn in road 
runoff. The high c values of TSS 7.16 ± 2.72 cm-1 (Table 6.3) confirms that solids are 
preferentially removed from drainage areas. 
The ability of TP to be washed from the surface is comparatively small, probably 
because much of the TP is in the dissolved phase. Waschbusch eta!. (1999) reported that 
lawns are the largest contributors of TP and streets are the largest source of TSS. The 
negative slopes in Table 6.3, which are noticeable for BOD5, TP, and EC, indicate 
pollutant replenishment. 
In terms of cumulative rainfall kt capable of causing a 10-fold reduction in 
removal rates, we see that kt values for Zn at site SWMI07 and SWWB09 are relatively 
small(- 0.25 em) whereas more rainfall is required for such a reduction at site SWWA13 
(Figure 6.2). Metals are mainly on the streets at the two f01mer sites, and therefore 
removal is enhanced even by small amounts of precipitation. By comparison, EC shows a 
more varied picture (Figure 3) indicating that EC can be associated with roads, residential 
areas such as lawns, and commercial areas. 
Transp011 coefficients for EC and FC are virtually identical, and only a little less 
than the c values of TSS. It is generally believed EC and FC come to stormwater runoff 
from pervious and impervious surfaces, failing septic systems, and direct deposition of 
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animal feces (Petersen, 2005). Transport and removal of microbial contamination IS 
mediated in part by soil and sedimentation of attached organisms. Muirhead et al. (2006) 
investigated the transport mechanisms of microorganisms during the rainfall events, and 
concluded that the majority of bacteria attach to the fine particles ( < 2 >tm), and appeared 
to move rapidly across the study area. In contrast, bacterial transport could be 
significantly reduced if the cells were pre-attached to large soil particles (> 45 J.un), 
which mainly came from lawns, and are generally less mobile in the environment, settle 
faster, and may have different rate of mortality than their free phase counterparts (Fries et 
al., 2006). The majority of the EC and FC that were detected in the stonnwater runoff 
may have come from free phase bacteria or bacteria attached to fine particles, and are 
associated with animal feces on roads. Pitt et al. (2004) found that most wash off particles 
were less than 63 >tm in size. 
The order of removal efficiency for all pollutants (Tables 6.2 and 6.3) are 
TSS>FC>EC>Pb>BOD5>Ag>Zn>Cu>Ni>Hg>Cd>TP. This order is nearly the same as 
obtained from concentration vs. kt plots (eq 39): TSS>EC>FC>Ag>Pb>Ni>Zn>Cu>TP. 
On the basis of a load model (Soonthornnonda and Christensen, 2007a) the ease of 
removal ranking is TSS>Cd>FC>BOD5>Hg>Pb>Zn>EC>Cr>Cu>TP>Ni which is 
similar to the above two rankings except for Cd and EC. The load model sequence 
follows the ratio Ri / R,' where R12 and Ri are multiple correlation coefficients for 
modeled constituents with consideration of one and two dry periods, respectively, prior to 
the storm being analyzed. A large value of this ratio indicates that the drainage area is not 
clean after the previous storm so that it is important to consider the pollutant mass 
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accumulated in the dry period before the previous storm. In this case the pollutant is 
relatively difficult to remove. 
The values of c listed in Table 6.2 and 6.3 are generally a factor 4 - 8 higher than 
most values determined for single land use areas (Alley, 1981; Grottker, 1987; 
Charbeneau and Barrett, 1998) or from a load model applied to the same mixed land use 
drainage areas (- 0.60 cm-1) (Soonthonmonda and Christensen, 2007a). Values of c 
comparable to this value were obtained with this washoff model from the event of 
11/05/2005 where there is a nearly constant flow over 2- 3 hours. Thus, the results of the 
washoff model considered here lend support to the value of the transport coefficient used 
in the load model, but indicate also that these coefficients tend to be higher when they are 
based on narrow peaks of the hydro graph. 
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VII. FRACTION OF STORMW ATER IN COMBINED SEWER OVERFLOWS 
(CSOs) 
Combined sewer overflows (CSOs) can have significant impacts on the water 
quality of local waterways. For example, Ab Razak and Christensen (2001) reported that 
since a 19.5 mile (31.4 km) inline storage system (ISS) in Milwaukee began operating in 
1994, concentrations of BOD5, TP, Zn, and TSS have decreased in the Milwaukee's 
combined sewer service area (CSSA). Elimination of overflows by increasing ISS 
pumping and storage capacity showed improvements of water quality in the area 
(MMSD, 2007b ). However, these improvements are not sufficient for local watetways to 
meet the US Environmental Protection Agency (US EPA) Water Quality Criteria for 
nutrients and bacteria (US Geological Survey, 2004). 
It is often assumed that sanitary sewage is the dominant factor in CSOs that 
deteriorates the water quality of local waterways. However, the average aruma! 
stonnwater volume simulated using data fi·om the period 1997 through 2002 was within 
ten percent of total sanitary sewage volume generated in the Milwaukee's CSSA (Brown 
and Caldwell, 2004). This raises a question whether sanitary sewage or stmmwater in 
CSOs has the larger pollutant contribution and if there are any additional pollutant 
sources. 
Quantification of CSO pollutant source contributions is useful for evaluating the 
impacts of CSOs on the water quality of local receiving waters. The pollutant 
contribution of stonnwater in CSOs can be used to guide local communities in the 
selection of appropriate stmmwater best management practices (BMPs). 
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Both chemical mass balance (CMB) and positive matrix factorization (PMF) 
models have been widely used for the pollutant source appmiionment in air (<._:ooper and 
Watson, 1980; Hopke, 1985; Lee et a!., 1993; Larsen and Baker, 2003) and aquatic 
(Bzdusek et a!., 2006a; 2006b) environments. While CMB modeling has been done 
previously to estimate pollutant source contributions in drainage systems during dry 
weather flow events (Pitt eta!., 1993; Field eta!., 1994; Lalor, 1994; Pitt eta!., 2004), to 
our knowledge, only recently has a CMB model been used for pollutant source 
apportionment during rain events (Soonthorrmonda eta!., 2007a). Also, we are not aware 
of any attempts to apply PMF modeling to apportion pollutants in drainage systems. 
The main objective of this chapter is to investigate the CSO pollutant source 
contributions using CMB and PMF models. Three possible sources, i.e., stonnwater, 
sanitary sewage, and groundwater, and eleven pollutants (BOD5, TSS, NH3, TP, Cd, Cr, 
Cu, Pb, Ni, Hg, and Zn) from the sampling period 2000 through 2006 were used for CMB 
modeling. Selected sets of CSO data (2000-2006) for the same pollutants (except for Hg) 
were applied to the PMF model to generate three nonnalized source profiles. Relative 
pollutant source contributions in CSOs were estimated based on both CMB and PMF 
models. Additionally, source flow contributions were computed for both CMB and PMF 
models. The raw influent data were obtained from the MMSD's two wastewater 
treatment plants (i.e., Jones Island and South Shore). Influent data for events of <0.10 
inch (0.25 em) rainfall were selected to represent the sanitary sewage data. Groundwater 
data (2000-2006) were derived from Wisconsin Department of Natural Resources' 
Groundwater Retrieval Network (WDNR GRN) (Wisconsin Department of Natural 
Resources, 2007). Pollutant concentrations of 53 samples of CSOs used for PMF 
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modeling are shown in Appendix D. Parts of the work shown in this chapter can be also 
found in Soonthornnonda and Christensen (2007b ). 
7.1 CMB Model 
The CMB model is a receptor modeling technique that uses a mass balance 
approach to determine pollutant contributions from different sources based on 
observations at sampling sites. The basic idea of the CMB model is that a given measured 
profile can be reproduced by linear combinations of several sources. The measured CSO 
concentration Fj (mg/L) of pollutantj (! :Sj ::; m) is expressed as 
n 
Fj = L;<Dj;a; +ej 
i"'l 
(40) 
where <Dji is the concentration (mg/L) of /h pollutant in the i'h source, a; is the source 
contribution factor of the i'h source, ej is the error associated with the concentration of the 
/h pollutant, 11 is the number of sources, and m is the number of pollutants used in the 
model. 
The aim of the modeling is to determine the contribution factors a; for each of the 
i source using the effective variance least-squares method. The effective variance least-
squares method is described in detail by Henry et al. (1984), Watson et al. (1984), and 
Christensen et al. (1997). In order to evaluate the goodness of fit, x2, the multiple linear 
correlation coefficient R2, and the relative enor for x2 = df (number of degrees of 
freedom, m ·- n) were used. 
The x2 is calculated as 
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(41) 
where 
" FJ = L ct> Jiai (42) 
i=ol 
is the calculated concentration of the /h pollutant in the CSO sample, r.e.k is the relative 
enor of pollutant measurement, and r.e.; is the relative error ofCSO source profile i. It is 
assumed that these relative eJTors of all pollutants are characterized by a single value as 
(43) 
a <I> Ji = r.e.; ct> Ji (44) 
where a indicates standard error. 
The multiple linear cmTelation coefficient R2 is defined as described in Su and 
Cluistensen (1997). The relative contribution jj; of pollutant j in a CSO sample from 
source i is calculated as 
(45) 
The unce1iainty '8jj; is given here as 
(46) 
and the flow contribution P; from source i is computed as 
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p = k,a, 
' " 
(47) 
l:k,a, 
i"'l 
where 
(48) 
Here, c; is the concentration of pollutant j in stream i, e.g., stormwater, sanitary sewage, 
or groundwater, and k; is the factor between source profiles and actual concentrations of 
pollutant). This factor is assumed to be one for stonnwater and groundwater, and it was 
found to be about 6.44 for sanitary sewage. The reason for the >I value for the latter is 
that the sanitary sewage profile (Table 7.1) is based on measurements at the inflow to 
treatment plants, i.e., Jones Island and South Shore, where turbulence to a higher degree 
keeps the solids in suspension producing high pollutant concentrations. 
7.1.1 Pollutant Source Profiles 
Three possible types of CSO pollutant source profiles, i.e., stonnwater, sanitary 
sewage, and groundwater, were applied to the CMB model. The pollutant profiles of 
three sources with uncertainties (standard error of the mean) are shown in Table 7.1. The 
pollutant profiles for stomnvater and sanitary sewage were generated as described in 
Soonthonmonda et a!. (2007a). The pollutant profiles for groundwater were averages 
derived from WDNR GRN data. The derived data were detects only sampling data from 
public water supplies, private water supplies, and landfill wells located tlu·oughout the 
State of Wisconsin. The number of groundwater samples ranged from 33 to I, 721. 
Wisconsin's groundwater is contained in four major aquifers: the sand and gravel aquifer, 
the Silurian dolomite aquifer, the sandstone aquifer, and the crystalline bedrock aquifer. 
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Groundwater c01mects to and feeds wetlands, streams, and lakes (Wisconsin Academy of 
Sciences, Arts and Letters, 2003). 
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7.2 PMF Model 
The PMF model used for this study is based on equations described by Paatero 
(1997). The goveming equation of the PMF model is 
X=G F (49) 
where X (m x n) is the data matrix consisting of the CSO measurements of m pollutants 
in n samples, G (m x p) is the factor loading matrix (source profiles), F (p x n) is the 
factor score matrix (source contributions), and p is the number of pollutant sources. 
The model minimizes a weighted sum of squares of differences between 
calculated and measured elements of the data matrix by nom1al equations, and uses 
rotations based on the nonnegative least squares (NNLS) procedure (Lawson and Hanson, 
1974) to eliminate negative elements of G and F. The data matrix X is initially average 
scaled by dividing the pollutant concentrations in each CSO sample by their respective 
average concentration for all samples and then backscaled (multiply by averages) after 
rotations. Description of our PMF model can be found in detail in Bzdusek et al. (2006a). 
The PMF solutions incorporate weighting of individual data points so that both high and 
low pollutant concentrations will be modeled accurately (Bzdusek et al., 2006b ). 
The relative contribution hji of pollutant) in a CSO sample k from source i is then, 
(50) 
Note that this equation is analogous to eq 45 for the CMB model with k refeiTing to a 
particular sample and the number of sources p corresponding ton of eq 45. 
The flow fraction H; from source i can be calculated from 
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(51) 
and 
(52) 
where k; is the factor between estimated normalized source profiles and actual 
concentrations of pollutant j. 
Ten different data sets for the data matrix X were created using a Monte Carlo 
simulation method. The original data matrix was assumed to be average values, and 
random variations were generated based on a relative error of 0.20. Ten CSO pollutant 
source profiles and relative source contributions were estimated using the PMF model. 
The average of estimated source profiles were then compared with the source profiles 
listed in Table 7 .1. 
7.2.1 Diagnostic Tools 
The coefficient of determination (COD) and Exner fimction were used to evaluate 
the goodness of fit between the estimated data set and measured data set. The COD for 
each pollutant and Exner function approach 1.0 and zero for a perfect fit. The weighted 
sum of squares of differences between estimated and measured data, Q, should 
approximately equal the number of degrees of freedom, df = 11 x m - p x (11 + m) for a 
good fit. 
7.3 Results and Discussion 
7.3.1 Stormwater, Sanitary sewage, and Groundwater Profiles 
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Considering the pollutant source profiles (stormwater, sanitary sewage, and 
groundwater) and CSO data (Table 7.1 ), sanitary sewage is found to have higher 
concentrations of most pollutants than stormwater (except Pb and Zn), groundwater 
(except Hg), and CSOs (except Cd and Pb ). Most pollutants exhibit higher concentrations 
in stormwater than in groundwater (except Hg). Stormwater is found to have higher TSS, 
TP, Cu, and Zn concentrations than CSOs. Groundwater has higher Zn concentration than 
CSOs. Bacteria levels fi·om sanitary sewage, stormwater, groundwater, and CSOs were 
also included in Table 7.1, and the highest bacteria levels are found in sanitary sewage. 
The highest concentrations of Pb and Cd found in CSOs may be explained by the 
erosion of sewer deposits or remobilization of in-sewer settled particles (Gromaire eta!., 
2001). Analyses of sewer deposit samples and sediment transport in the study area would 
have to be carried out in order to verify this hypothesis. The highest concentration of Hg 
is found in groundwater. The major source of Hg to Wisconsin surface waters is 
atmospheric deposition from coal fired power plants and from a still operating chlor-
alkali plant at Port Edwards. However, this plant is scheduled to be shut down. Nearly 
I ,200 lakes have fish that exceed the WDNR's standard in 2001 (Wisconsin Academy of 
Sciences, Arts and Letters, 2003). Elevated Hg levels in groundwater are probably caused 
by Hg-impaired lakes and connections to groundwater. The high molecular weight of Hg 
may also be a factor. 
In general, TSS and particle-associated substances, e.g., metal concentrations are 
higher in stonnwater than in sanitary sewage. The reason for high sanitary sewage 
concentrations of these pollutants shown in this study is, as indicated above, the sampling 
location of sanitary sewage at the influent chaJ11lel of treatment plants where the 
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turbulence of inflow prevents patticles from settling causing high concentrations of 
particles and associated pollutants. 
7.3.2 CMB Model Pollutant Source Contributions 
Statistical results obtained from CMB modeling of CSO pollutant source profiles 
for two (stormwater and sanitary sewage) and three (stormwater, sanitary sewage, and 
groundwater) sources are presented in Table 7.2. Relative errors of stonnwater, sanitary 
sewage, and groundwater profiles were assumed to be 0.0616, 0.128, and 0.194, 
respectively (Table 7.1). As indicated in Christensen eta!. (1997), the CMB model fit is 
considered satisfactory for the r.e.k ~ 0.50, fair for 0.50 < r.e.k < 0.70, and unsatisfactory 
for r.e.k :0: 0.70. The CMB results indicate good agreement between calculated and 
measured CSO data when modeling two and three sources. The R2 for two sources 
(0.779-0.841) is slightly less favorable than that of three sources (0.819-0.853). Note the 
similarity of a values of sanitary sewage from modeling two and three sources without 
fecal coliform (0.0377 and 0.0371-0.0374, respectively). Also, the reduction in a for 
stormwater when modeling three sources is approximately equal to the a value of the 
third source (0.0853 ± 0.103 or 0.0739 ± 0.112), groundwater. Three sources in CSOs, 
i.e., stonnwater, sanitary sewage, and groundwater, are found to be acceptable based on 
the CMB model. However, the a values of groundwater have larger uncettainties than 
their values, indicating that the groundwater source is rather uncertain. Inclusion of E. 
coli and fecal colifonn into CMB modeling indicates a slightly less favorable model fit, 
as reflected by lower values ofR2, e.g., 0.779 vs 0.841, and higher values of the relative 
errors for x2=df, 0.508 vs 0.438, both for the two-source solution. Similar numbers apply 
to three-source solution. 
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The percent relative contributions f ( eq 45) of eleven pollutants in CSOs based on 
two and three sources are shown in Table 7.3. Metals and TSS have much higher percent 
relative contributions from stormwater than sanitary sewage, even after adding the third 
source into the model. Furthermore, stormwater contributes higher total phosphoms TP 
(71 ± 19% for two and 70 ± 22% for three sources) and about the same amount ofBOD5 
as sanitary sewage and groundwater to CSOs. As one could expect, NH3 has higher 
contribution (61 ± 25% for two and 58± 25 %for three sources) fi"om sanitary sewage. 
Stonnwater provides the major source of E. coli in the CSOs. Similar contributions 
between stormwater and sanitary sewage were found for fecal coliform. 
Due to the overestimation of the sanitary sewage profile concentrations as 
discussed earlier, its a value needs to be multiplied by a factor k (eqs 47 and 48) for the 
estimation of flow contribution. The CSO data with events of low rainfall were used to 
represent the accurate sanitary sewage profile, and the resulting k value was estimated to 
be 6.44 ± 1.65. The flow contribution of sanitary sewage is about 27 %, with at least 65 
% stonnwater and up to 8.0% groundwater (Table 7.3). 
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7.3.3 PMF Model Pollutant Source Profiles 
Coefficients of detetmination (COD), values of the Exner function, and the 
weighted sum of squared residuals (Q) are shown in Table 7 .4. The results indicate an 
improvement from two to three factors. However, TP, Cd, and Cr have relatively low 
COD values, even for three factors. The improvement in the Exner function from 0.180 
to 0.0747 is substantial. Therefore, based on the diagnostic tools a three-factor solution is 
significant enough to represent all ten pollutants. 
Comparisons of three average matrix loadings (Fl, F2, and F3) generated using 
ten data sets from Monte Carlo simulation and the CSO pollutant source profiles of Table 
7.1 are illustrated in Figure 7.1. From the high R2 value (0.956), loading Fl clearly 
represents the stormwater profile, and loading F2 is a version of the sanitary sewage 
profile (R2 = 0.932). This applies to both the two and three-factor solution. The third 
loading F3 fits the stormwater profile best, but almost equally well the groundwater 
profile lending suppoti to the suggestion that groundwater is a minor source in CSOs 
(Table 7.3). However, as noted previously, the associated source contribution factor a 
(Table 7.2) is rather uncertain, meaning that the groundwater may not be significant 
source. It should also be noted that the metals content of the third PMF factor (Table 7.5), 
on an equal flow basis, is much higher than of the conesponding CMB groundwater 
factor (Table 7.3), but fairly similar to that of stmmwater, indicating that the factor is in 
fact stonmvater related. Thus, a different stormwater source, or a stonnwater related 
pollutant source such as erosion of sewer sediment may represent the third loading F3. 
The flow contribution of sanitary sewage, estimated based on eqs 51 and 52, is about 56 
180 
% with at least 26 % stormwater and possibly up to 18 % of another stonnwater related 
source (Table 7 .5). 
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Table 7 .4. Results of coefficient of detennination (COD) and Exner fimction for the 
Milwaukee's combined sewer overflow data set using PMF with NNLS. 
Pollutant Coefficient of determination factors 2 3 
8005 0.334 0.428 
TSS 0.726 0.909 
NH3 0.865 0.795 
TP 0.316 0.317 
Cd -0.157 0.214 
Cr 0.164 0.177 
Cu 0.873 0.852 
Pb 0.377 0.579 
Ni 0.731 0.731 
Zn 0.855 0.891 
No. of Samples 53 53 
Exner 0.180 0.0747 
Q" 735 515 
assuming 20 % relative error of the elements of the data matrix; 
df = 53(1 O)-m(53+1 0}, where m = number of factors 
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7.3.4 PMF Model Pollutant Source Contributions 
The PMF relative contributions for all ten pollutants based on two and three 
factors are shown in Table 7.5. The tlu·ee factor solution corresponds to Figure 7.1. Note 
that the sanitary sewage loading F2 has similar pollutant contributions for two and three 
factors, except for Cd and Cr. Loading Fl for two sources is split into Fl and F3 of the 
tlu·ee factor solution. 
Based on the three-factor solution in Table 7.5, with percent relative contributions 
of BODs (78 ± 3.3 %), NH3 (87 ± 2.7 %), and TP (59 ± 3.2%) of factor 2, sanitary 
sewage is the dominant source of these pollutants in CSOs. A similar result is obtained 
for factor 2 of the two-factor solution. Comparing Tables 7.3 and 7.5, both CMB and 
PMF results show that stormwater, stormwater related sources, and possibly some 
groundwater, carry more than 50 % of the CSO metals load. Also, both models 
demonstrate that 2': 28 % contributions of BODs, NH3, and TP are from sanitary sewage. 
Especially NH3 is strongly (2': 58 %) associated with sanitary sewage. However, most 
TSS (2': 75 %) is from stormwater. 
While trends are similar for CMB and PMF results, there are some differences, 
mostly within a factor two. The reasons for this disparity are not clear. As discussed 
earlier, it is possible that the third source originates inside the combined sewer. Another 
reason may be that measured data for the CMB model are more extensive (Table 7.1) 
than for the PMF model. In the latter case we used just the 53 data set listed in Appendix 
D. However, the PMF results may carry more weight since PMF requires almost no a 
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priori source information in contrast to CMB modeling where source profiles must be 
known. 
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VIII. STORMWATER BEST MANAGEMENT PRACTICES (BMPs) 
Many stormwater runoff reduction practices were previously demonstrated and 
described in MMSD (2007c). The following 10 practices were part of that study: 
1. Downspout Disconnection-Disconnection of roof downspouts from sewers and 
conveyance of roof runoff to pervious land surfaces. 
Figure 8.1. Downspout discmmection will keep excess water out of the sewer system. 
2. Rain Barrels- Collection of roof runoff in 50-100 gallon barrels, with subsequent 
release to landscaped areas. 
3. Rain Gardens-Small (~9 m2) vegetated depressions used to capture runoff and 
promote infiltration and evapotranspiration. 
Figure 8.2. The rain garden at Calumet Auto Parts, Inc., 8501 West Calumet Road in 
Milwaukee. (MMSD, 2007c). 
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4. Green Roofs-Soil and vegetation installed on top of a conventional flat or slightly 
sloped roof. A complete green roof system may include a watertight membrane, 
protective layer, insulation, irrigation/drainage system, filter layer, soil, and plants. 
Figure 8.3. UWM Great Lakes Water Institute green roof. (MMSD, 2007c). 
5. Green Parking Lots- Various measures used to reduce the effective impervious area of 
a parking lot and promote infiltration and/or evapotranspiration. 
6. Stormwater Trees- Increasing the coverage of tree canopies to provide stormwater 
interception and evapotranspiration, along with other ecological benefits. 
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7. Porous Pavement- The use of porous asphalt or concrete, modular block systems, 
grass pavers, or gravel pavers to allow stormwater to percolate through the 'pavement'. 
Figure 8.4. Water infiltrates the pervious concrete. (MMSD, 2007c). 
8. Inlet Resh·ictors/Pavement Storage-Flow regulation devices that allow the temporary 
storage of stonnwater on streets and parking lots. 
Figure 8.5. Inlet restrictor locations, Prospect Avenue. The dots indicate the location of 
the inlets. (MMSD, 2007c). 
9. Bioretention-Landscaped depressions planted with grass, shrubs, and/or trees. These 
often utilize a sand/gravel underdrain, mulch, ~nd soil amendments. 
liE!.\: PLAIITI~O l OIIE 
OIORETEtiTION DASIN 
v.c'...: LU O<L!.T"C.S IH I C>I 
fUI LIR£ IIUA 00/lriC C:rf{)ll 
PHOWCAAAL S IRH 1 8MJC£ 
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Figure 8.6. Two-acre bioretention system treats storm water mnoff from about 70 acres 
(28.4 ha) in the Menomonee Valley. (MMSD, 2007c). 
10. Onsite Filtering Practices-Practices such as sand filters, bioretention cells, swales, 
and filter strips that use a filter media (sand, soil, gravel, peat, or compost) to reduce 
stormwater runoff and capture pollutants. 
Figure 8.7. Bioretention swale and rain garden. (MMSD, 2007c). 
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MMSD (2007c) indicated that in order to reduce storm water runoff within the 
separate sewer area, stormwater runoff reduction practices need to be implemented. 
However, some practices, i.e., downspout disconnection and rain gardens, may contribute 
more infiltration and inflow (1/I) to sanitary sewers (Shafer, 2006). Other practices, e.g., 
green roofs and bioretention could be used without increasing the risk of III to sanitary 
sewers. Considering the combined sewer service area, most stormwater runoff reduction 
practices could significantly reduce combined sewer overflows and the amount of 
stonnwater that would be conveyed to the MMSD' s wastewater treatment plants. 
This chapter will illustrate how the runoff volume reduction using effective 
practices can result in a reduction of the runoff pollutant mass based on the load model in 
Chapters 5 and 6. The average individual stonn load may be implied as one component of 
load allocations (LAs) used to determine the total maximum daily loads (TMDLs) for 
study pollutants in the area. Design examples of some practices (e.g., detention pond) 
will be demonstrated based on the overflow velocity. 
8.1 Stormwater BMP Removal Efficiencies of An Individual Storm Load. 
As discussed in Chapters 5 and 6, the runoff load is 
MR =a a fjA td (1-e-"') 
Then, 
11M R = c k (a a fj At d) e -ckt 111 , 
where 
11V=fjAkl1t 
Equation 54 reduces to 
11t =small time increment 
(53) 
(54) 
(55) 
It can be seen from eq 56 that a reduction of runoff volume will result in a 
reduction of the runoff pollutant mass. 
8.2 Design of Effective Stormwater BMPs. 
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(56) 
In Chapter 7, results showed that metals and TSS fi·mn stonnwater are 
predominant pollutants in CSOs. One alternative to eliminate CSOs and high discharges 
of BOD5, NH3, and TP is to implement sewer separation in combined sewer areas into 
sanitary and storm sewers. However, this alternative can be unsuitable unless effective 
best management practices (BMPs) that target removal of metals, TSS, and bacteria are 
implemented in the separated storm sewer systems. 
Within the separate sewer area in Milwaukee, the polluted storn1\vater runoff 
(Soonthorrmonda and Christensen, 2007) may cause the local waterways to exceed 
Wisconsin's State Recreational Water Quality Standards for nutrients and bacteria (U.S. 
Geological Survey, 2004). Based on MMSD (2007c), it appears that several of the best 
BMPs (downspout disconnections, rain gardens, porous pavement, bioretention, green 
parking, and green roofs) can achieve an approximate 30% reduction in peak flows and 
volumes. 
Due to the variety m BMP designs, BMP constructions, and specific site 
conditions, it is proper to discuss the BMP design using gravity settling and overflow 
velocity. Minton (2002) stated that flow through swales behave like a sedimentation 
device for which performance is a function of hydraulic overflow velocity. The fi·action 
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of particles captured in practice follows the classic design of sedimentation facilities on 
the basis of overflow velocity (Huber et al., 2006): 
(59) 
where 
R = fraction captured 
Vs =settling velocity (Stokes' law) 
Q = outflow rate 
A = basin area 
N =number of continuous flow stirred tank reactors in series (CFSTRs) 
q = Q/A =overflow rate 
The above equation will give the steady state performance of one CFSTR when N = 1. In 
the case ofN---> w, the equation then becomes 
-~-­
R=l-e Q/A (60) 
which represents the perfect horizontal plug flow such as a tank or pond (Figure 8.8). The 
case N = -1 conesponds to quiescent settling (e.g., the permanent pool of a wet pond) 
(Figure 8.9): 
R=~=v,tds;l 
QjA h ' (61) 
R = 1, (62) 
where 
h = basin depth 
fd = detention time 
As long as the storm interevent time (antecedent dry time) is higher than the detention 
time 1", all particles with settling velocity v, will be removed. 
Design Capture Volume 
Maximum 
surcharge 
Filter Area 
Ar 
Figure 8.8. Detention basin with controlled release followed by filter media. Source: 
Wright Water Engineers, Inc. and GeoSyntec Consultants (2007). 
Design Capture Volume 
Retention 
Area A" 
Permanent Storage 
Filter Area 
Af 
Figure 8.9. Combination of retention pond and media filter. Source: Wright Water 
Engineers, Inc. and GeoSyntec Consultants (2007). 
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For the design application of a sedimentation basin, the average runoff volume is 
assumed to be the capture volume of the basin P0 • The average nmoff volume can be 
computed as 
V -p'Ar 
1111!0/J - (63) 
where 
jJ = runoff coefficient 
A = drainage area 
r = average rainfall depth= 10.2 mm (Chapter 2). 
In order to achieve 85% pat1icle removal, the particle size of 2 ~m would be 
obtained using the National Urban Runoff Program (NURP) particle size distribution 
(U.S. EPA, 1983b). The settling velocity Vs could be estimated based on Stokes' law (25 
0 C) by assuming patticle density of 2650 kg/m3. The design overflow rate q would be 
computed by eqs 60, 61, or 62 depending upon types of BMPs implemented such as a 
pond or wet pond. The detention time needs to be less than or equal to the interevent time 
of 2.31 days (Chapter 2). Then, the design of basin depth, I P, I =-=ql A a, 
f 
can be 
estimated by using the patticle settling velocity Vs, percent solids captured R, and 
detention time td. Tables 8.1 and 8.2 show examples of design calculation sheets for the 
dry and wet pond regardless of the sediment storage volume, respectively. Figures 8.10 
and 8.11 illustrate the design chart of the design capture volume and the filter area for the 
pond and wet pond. 
The following steps are used to design a sedimentation basin as shown in the 
calculation sheets (Tables 8.1 and 8.2): 
195 
(I) Determine the pollutant fraction captured R using the National Urban 
Runoff Program (NURP) particle size distribution (U.S. EPA, 1983b). A 
2-micron patiicle size was assumed here, giving R = 0.85. 
(2) Calculate the settling velocity for a targeted particle size based on R using 
Stokes' Equation. 
~-(I·Io-•)' ·9.81·(2650-997) 
v, = -"9------;-------
8.9-IO 4 
4.05 ·I o-• m/sec 
= 0.35 m/day by assuming particle density of 2650 kg/m3 and temperature 
of25 °C. 
(3) Calculate the design overflow rate q using eq 60 (dry pond) and eqs 61 
( d 0.35 4 and 62 wet pon ). q = ( ) = 0.18 
-In 1-0.85 
q = 0·35 = 0.411 m/day (eq 61). 
0.85 
m/day ( eq 60) and 
(4) Select the detention time td. The detention time should be less than or 
equal to the interevent time (2.31 days, see Chapter 2). The detention 
times of2.17 (dry pond) and 2. I 9 (wet pond) were assumed here. 
(5) Determine the design basin depth, h = 0.184 · 2. I 7 = 0.40 m = 40 em for 
(6) 
(7) 
dry pond and h = 0.411· 2.19 = 0.90 = 90 em for wet pond. 
Check the validity of eq 6 I: 0·90 = 0.411 :2': 0.350. 
2.19 
The runoff volume can be calculated by distributing the 10.2mm rainfall 
depth over the drainage area A and the mnoff coefficient /J for the given 
catchment (eq 63). The runoff volume V.wwffwas assumed to equal the 
(8) 
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design capture volume P0 • For example, 
V,,wrr = 0.187 · 250 ·1 04 ·1 0.2 ·1 o-' = 4, 769 m2 for site SWMI04. 
Plot Po vs A1 = P, , and A1 can be chosen with a given Po value. For lz 
example, filter areas were 12,000 m2 for d1y pond and 5,300 m2 for wet 
pond. It can be seen that the dry pond may require more spaces than the 
wet pond when the same design capture volume is applied. In other words, 
the dry pond may need less design basin depth than the wet pond. 
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Table 8.1. A design calculation sheet of a dry pond based on the perfect horizontal plug 
flow and the overflow velocity. 
1. r 0.00000100 m 
g 9.81 m/sec2 
PP . 2650 kQ/m3 
p, 997 kg/m3 
" 
0.000890 kg-sec/(m-sec2) 
2. Vs 0.00000405 m/sec = 0.350 m/day 
R 0.850 
3. q 0.184 mid 
lnterevent time 2.31 days 
4. Select t" .· 2.17 days OK(< lnterevent time) 
5. h = Pc/A, 0.400 m = 40.0 em 
20000 
"' 
y = 2.5 X 
.s 15000 ~ (h = 0.40 m) 
"' ro Design filter area~ 12,000 m
2 
"' ~ 
"' ~ 10000 
"' 
"" u:: 
5000 
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 
Design capture volume, P0 (m3) 
Figure 8.10. A design chart between the design capture volume or runoff volume and the 
filter area for a pond based on h = 0.40 m and fd = 2.17 days. 
Table 8.2. A design calculation sheet of a wet pond based on the quiescent settling. 
1. 
2. 
3. 
4. 
5. 
6. 
10000 
9000 
8000 
N~ 7000 
E. 6000 ~ 
<>: 
ro 5000 
"' ~ 
"' ~ 4000 
"' ±: u::: 3000 
2000 
1000 
0 
r 0.00000100 
g 9.81 
Po . ·. 2650 
Pt 997 
1/ 0.000890 
Vs 0.00000405 
R 0.850 
q 0.411 
lnterevent time 2.31 
Select td 2:19 
h = Pr/A1 0.900 
Check hltd 0.411 
m 
m/sec2 
kg/m3 
kg/m3 
kg-sec/(m-sec2) 
m/sec = 
mid 
days 
days 
m = 
m/day <: 
0.350 m/day 
OK(< lnterevent time) 
90.0 
0.350 
em 
m/day 
y=1.111x 
(h = 0.90 m) 
Design filter area~ 5,300 m2 
0 
" lL §'S 
Ua, 
"'<> OJ) t':. 
·;;; ~ 
" II Q " 
"' § B-
·- 0 Cll > 
1000 2000 3000 4000 5000 6000 7000 8000 9000 
Design capture volume, P0 (m3) 
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Figure 8.11. A design chart between the design capture volume or runoff volume and the 
filter area for a wet pond based on h = 0.90 m and fd = 2.19 days. 
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8.3 Examples of Stm·mwatet· BMP Technologies Using Settling for Treatment. 
8.3.1 Stormceptm® 
The Stormceptor® is most commonly used in urban envirmm1ents where local, 
regional or national regulations require water quality devices. It can be applied to 
locations that generate significant amounts of motor vehicle related contaminants and 
petroleum spills .. The system is designed for stormwater quality retrofits for existing 
developments, industrial and commercial parking lots, automobile service stations, 
airports and military installations, vehicle loading and unloading areas, new residential 
developments, re-development in the urban core, manholes and pre-treatment 
applications. 
Under nonnal (frequent) operating conditions (Figure 8.12), stormwater enters 
into the upper chamber and is diverted by u-shaped weir, down an orifice of pipe, into the 
lower chamber. This downward flow is directed through the riser pipe at the circular 
walls of the upper chamber. Flow horizontally continues to the storm drain outlet. Fine 
and coarse sediments settle to the floor of the lower chamber, while oil-based 
contaminants rise and become trapped beneath the fiberglass insert. 
For infrequent high flow events (Figure 8.13), peak stonnwater flows bypass over 
the weir and continue through the upper chamber into the storm drain outlet. A pmtion of 
incoming sediments continues to be directed by the weir into the lower chamber where 
they settle. Stonnceptor is the only device with an intemal by-pass that prevents scouring 
of trapped pollutants. 
Weir directs water to 
quiet cllamber below 
Patented technology -------+-!L __ 
prevents captured 
pollutants from 
scouring 
Captures and stores~ .& 
a wide range of particle • 
sizes, from 20 to 2,000 • .. 111 
microns, for later removal 
.. 
Sediment lies dormant ----+--• 
for later removal 
.. 
~ 
• 
---------- Durable precast 
~ concrete 
Impervious liner 
provides dolille 
wall containment 
for hydrocarbons 
free oils are 
trapped for 
later removal 
Quiet chamber creates 
Ideal conditions for free oils 
to rise and sediment to setue 
Figure 8.12. The Stonnceptor® under normal operating conditions (frequent rainfall). 
Source: www.rinkerstormceptor.com. 
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Infrequent 0 •1-based Sed;ment 
mlnf3l contaminants contaminants 
.. 
Figure 8.13. The Stormceptot® under by-pass operating conditions (infrequent heavy 
rainfall). Source: www.rinkerstormceptor.com. 
8.3.2 Vortechs® 
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The Votiechs system is custom-designed by CONTECH Stonnwater Solutions 
engineers. The system is a high-performance hydrodynamic separator that removes 
hydrocarbon-saturated sediments, sands, silts, oily floatable liquids, heavy metals, and 
other floatable and settleable debris. Each system is installed below grade which 
minimizes land consumption. The system's flow controls cause water to decant after a 
storm event and leave a low water level. These flow controls and large pollutant storage 
volume result in a low water-to-pollutant ratio, which reduces the cost and frequency of 
maintenance. The system is designed for residential, industrial, commercial, and 
municipal applications, parking lots, airport runways, roadways, vehicle maintenance 
areas, gas stations, and outdoor material storage areas. 
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Under low flow conditions (green arrow in Figure 8.14), water enters the swirl 
chamber at a tangent, enhancing gravitational separation. Sinking pollutants stay in the 
swirl chamber while floating pollutants are stopped at the baffle wall. During larger 
storms (yellow arrow in Figure 8.14), the water level rises above the low flow control and 
begins to flow tlu·ough the high flow control. When the storm drain is flowing at peak 
capacity, the water surface in the system approaches the top of the high flow control. The 
system will be sized large enough so that previously captured pollutants are retained in 
the system even during high intensity storm events. After storm events, treated runoff 
decants out of the system, and the water level is restored to the invert level of the inlet 
and outlet pipes. 
HIGH FLOW CONTROL 
SWlRL CHAMBER \ 
, \~~---
INLETPIPE I 
Figure 8.14. The Vmtechs system operating under low and high flow conditions. Source: 
www.contech-cpi.com. 
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8.3.3 Downstream Defender® 
The Downstream Defendet® is an advanced vortex separator which is designed to 
provide high removal efficiencies of settleable solids and their associated pollutants, oil, 
and floatables over various flow rates. Its flow-modifying internal components designed 
to advance vortex separation by minimizing turbulence and headloss, enhancing 
separation, and preventing washout of stored pollutants. 
Stormwater enters tangentially into the side of the vessel which generates a 
rotating flow that spirals around the outside of the dip plate (red arrow in Figure 8.15). 
Oils, trash and floatable debris rise to the water surface and are trapped in the oil and 
floatables storage volume (dark red zone in Figure 8.15). While flow continues to spiral 
down around the dip plate cylinder, low energy vortex motion directs sediment along the 
benching skirt into the isolated sediment storage zone (bottom zone below the benching 
skirt). The benching skirt and center cone redirect the rotating flow up and inward 
between the center shaft and dip plate cylinder away from the stored sediment. The outlet 
pipe discharges treated effluent from within the dip plate cylinder ensuring the longest 
possible residence time (blue an·ow in Figure 8.15). 
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(a) 
..---- Access to the sump for cleanout 
4---- Outlet pipe 
Tangential inlet ---~ 
Benching skirt -----
--~...:_--- Isolated sediment 
storage zone 
(b) 
Figure 8.15. Components of the Downstream Defendet® (a) and its system while 
operating (b). Source: www.hydro-international.bizl. 
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8.3.4 Dry Detention pond 
Dry detention ponds (i.e., dry ponds, extended detention basins, detention ponds, 
and extended detention ponds) are basins whose outlets have been designed to detain 
stonnwater runoff for some minimum time (e.g., 24 hours) to allow pmticles and 
associated pollutants to settle. Unlike wet ponds, these facilities do not have a large 
permanent pool of water (Figure 8.16). They can also be used to provide flood control by 
including additional flood detention storage. 
Dry detention ponds have traditionally been one of the most widely used 
stonnwater best management practices (BMPs). They are typically easier and less 
expensive to construct as compared to wet detention ponds and more flexible in 
maintenance and inspection. Hussain et a!. (2006) reported that dry detention ponds are 
an effective option for water quality control such as total suspended solids, volatile 
suspended solids, particulate phosphorus, and total phosphorus in the stormwater 
management. 
emergency spillway 
water detention level 
·-·-·-·-·-·-·-·-·-·-· 
sediment forebay 
ooncmle base 
Figure 8.16. Example profiles view of a dry detention pond. 
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IX. CONCLUSIONS 
This dissertation outlines a framework for a comprehensive stonnwater quality 
analysis, with special emphasis on the Greater Milwaukee area. GIS was used to 
determine drainage area sizes and mnoff coefficients of areas for various land uses. The 
influence of each of several dry periods before a stotm event on the calculated load in the 
stormwater load model for mixed land-use drainage areas was investigated. The CMB 
and PMF models were applied to apportion pollutant sources of CSOs, and to quantify 
the fraction of pollutant mass and flow fi·actions of stormwater and sanitary sewage. The 
main conclusions of this work are as follows: 
1. A topographic map for each storm catchment might not reveal the complete 
drainage pattern of stormwater runoff. GIS maps including contour data, storm 
sewer lines, and land use, along with mnoff coefficients from original drainage 
areas are useful to help dete1mine actual drainage area sizes accurately. Runoff 
coefficients were calculated by an optimization model based on 18 drainage areas 
and 10 GIS land use subareas. A better understanding of the drainage pattern 
provides infotmation required to make decisions related to stormwater best 
management practices (BMPs). 
2. Stonnwater pollutant loadings were found to be dependent on drainage area, 
runoff coefficient, land use, antecedent dry period, and duration and intensity of 
the rainfall. The pollutant load model proposed here can be applied for multiple 
catchments with various mnoff coefficients and types of land use. Land use was 
modeled by a multiplicative parameter, the land use factor a. The model also 
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contains an average constituent deposition rate a (kilograms per hectare per day or 
CFU per hectare per day), such that the deposition rate is aa for each catchment. 
The lengths of antecedent dry periods were found to be significant parameters 
determining pollutant concentrations and loadings due to the gradual 
accumulation of pollutants during several dry periods prior to a storm. An 
effective accumulation time that considers the residual load from several previous 
storms was defined. Two previous dty periods in the antecedent dry period 
function appeared to be sufficient for most pollutants. 
3. A washoff model was also developed. The model can be applied to the portion of 
the hydrograph near the peak, especially when the peak was extended through at 
least 2 - 3 hours. A good estimate of the transport coefficient for individual 
pollutants is necessary because the transport coefficient reflects the removal 
ability of pollutant mass on the surfaces. Typical transport coefficient values 
found in this study using nan·ow hydrograph peaks are 4 - 8 times higher than 
similar values determined previously for single land use areas, or based on the 
load model for the same drainage areas. Transport coefficients for metals are in 
decreasing order Pb>Ag>Zn>Cu>Ni>Hg>Cd, reflecting the decreasing degree of 
particle association. For BOD5, suspended solids, bacteria, and phosphorus, the 
order of transport coefficients are TSS>FC>EC>BOD5>TP, showing the increase 
in soluble fraction of these pollutants. 
4. Both CMB and PMF models are valid for identification of pollutant sources and 
calculation of pollutant and flow contributions in CSOs. Based on overflow 
events during 2000 - 2006 for the CMB model and 2004 - 2006 for the PMF 
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model, three possible sources (stormwater, sanitary sewage, and groundwater) in 
CSOs were found. Between 27 and 56 % of the flow was from sanitary sewage 
and at least 26 % from stonnwater with up to 18 % from groundwater. Metals and 
TSS from stormwater were found to be predominant pollutants in CSOs. Sanitary 
sewage contributed:>: 28 % of the BODs, NH3, and TP in CSOs. The contribution 
of sanitary sewage to NH3 was relative high(:>: 58 %). In order to eliminate CSOs 
with high amounts of BODs, NH3, and TP from sanitary sewage, sewer separation 
may be implemented to separate combined sewers into sanitary and storm sewers 
but this method can be costly and inappropriate unless effective BMPs that target 
removal of metals, TSS, and bacteria from stonnwater are implemented in the 
separated storm sewer systems. Reduction of CSO pollutants such as Cd, Cr, Cu, 
Ni, and Zn may be achieved through periodic removal of sewer sediment. In order 
to effectively reduce other CSO pollutants such as TSS and Pb, it is better to 
implement BMPs prior to combining stormwater and sanitary sewage, for 
example, rain gardens, green parking lots, porous pavement, stormceptor®, 
vortechs®, and downstream defender®. 
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X. RECOMMENDATIONS 
The following practical recommendations can be made to improve water quality on 
impaired receiving water bodies due to polluted stonnwater runoff in the Greater 
Milwaukee, Wisconsin: 
I. The stmm sewer lines in GIS shape files for local communities need to be 
extensively conducted. The GIS maps based on topographical data and stonn 
sewer lines accordance with runoff coefficients can reveal the accurate drainage 
pattem for each storm catchment. 
2. The source apportionment methods outlined here based on CMB and PMF models 
may be used not only to characterize origin of pollutants and flows in CSOs but 
also to explore improper cmmections between sanitary and storm sewers during 
dry or wet weather flows. The results, which are quantitative, may be used in 
conjunction with altemative qualitative techniques such as the genetic marker 
method which can distinguish between fecal bacteria of animal and human origin. 
For example, genetic marker tests were done by the University of Wisconsin-
Milwaukee's Great Lakes Water Institute on samples collected from site SWMI16 
(Miller Park east parking lots), and the marker for human fecal bacteria was 
found. While stonnwater is known to contain high levels of bacteria from birds, 
pets and other animals that are rinsed off parking lots, lawns and streets, it should 
not contain bacteria from human feces. 
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3. Future works on source apportionment of dry weather flows and wet at storm 
sewer outfalls using CMB and PMF models may have to be performed in order to 
demonstrate the modeling to local municipal engineers. 
4. Implementing traditional effective stmmwater BMPs such as detention ponds 
following MMSD stonnwater reduction program is key to improve the receiving 
water quality. However, other technologies that can treat the stonnwater such as 
Stormcetor®, Vortechs®, and Downstream defendet® may also be applied. 
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Appendix B Pollutant Concentrations in Stormwater per Site 
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Figure B- 1. Box plots of Ag in stormwater per site. 
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Figure B - 2. Box plots of Alk in stonnwater per site. 
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Figure B- 3. Box plots of As in stormwater per site. 
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Figure B- 28. Box plots ofTP in stonnwater per site. 
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Figure B- 29. Box plots ofTS in stonnwater per site. 
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Figure B- 30. Box plots ofTSP in stonnwater per site. 
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Figure B- 31. Box plots ofTSS in stonnwater per site. 
2 
3 
4 
5 
6 
7 
0 8 
z 9 
2 10 (jj 11 
12 
13 
14 
15 
16 oc--=o 
17 
18 
1Q•1 10° 10' 10' 
Turbidity (NTU) 
Figure B - 32. Box plots of turbidity in stormwater per site. 
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Figure B- 33. Box plots of Zn in stonnwater per site. 
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Appendix C Pollutant Concentrations in Stonnwater per Season 
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Figure C - 1. Box plots of Ag in stormwater per season. 
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Figure C - 2. Box plots of Alk in stormwater per season. 
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Figure C- 3. Box plots of As in stormwater per season. 
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Figure C- 4. Box plots of Be in stonnwater per season. 
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Figure C- 5. Box plots ofBOD5 in stormwater per season. 
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Figure C - 6. Box plots of Ca in stormwater per season. 
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Figure C- 7. Box plots ofCd in stormwater per season. 
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Figure C - 8. Box plots of Cl in stonnwater per season. 
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Figure C- 9. Box plots of Cr in stormwater per season. 
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Figure C- 10. Box plots ofCu in stomnvater per season. 
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Figure C - 11. Box plots ofEC in stormwater per season. 
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Figure C- 12. Box plots of FC in stormwater per season. 
~~ 0 
~000 
106 
276 
107 
0 
0 
0 
107 
c 
0 
"' ~ {f) 
Spring 
Summer 
Fall 
Winter 
10° 101 102 
Hardness (mg/L} 
Figure C- 13. Box plots of Hard in stormwater per season. 
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Figure C- 14. Box plots ofHg in stonnwater per season. 
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Figure C- 15. Box plots ofMg in stormwater per season. 
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Figure C - 16. Box plots ofNH3 in stonnwater per season. 
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Figure C- 17. Box plots ofNi in stonnwater per season. 
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Figure C- 18. Box plots ofN02 in stormwater per season. 
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Figure C- 19. Box plots ofN03 in stormwater per season. 
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Figure C - 20. Box plots ofN05 in stormwater per season. 
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Figure C - 21. Box plots of Pb in stormwater per season. 
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Figure C - 22. Box plots of Sb in storm water per season. 
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Figure C- 23. Box plots of Se in stormwater per season . 
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Figure C- 24. Box plots ofTDS in stormwater per season. 
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Figure C - 25. Box plots of TKN in stormwater per season. 
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Figure C - 26. Box plots ofT! in stormwater per season. 
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Figure C - 27. Box plots of TOC in stonnwater per season. 
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Figure C - 28. Box plots ofTP in stonnwater per season. 
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Figure C- 29. Box plots ofTS in stormwater per season. 
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Figure C - 30. Box plots ofTSP in stonnwater per season. 
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Figure C- 31. Box plots ofTSS in stormwater per season. 
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Figure C- 32. Box plots of turbidity in stormwater per season. 
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Figure C- 33. Box plots ofZn in stom1water per season. 
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Appendix D Combined sewer overflow data (mg/L) in the Milwaukee's Combined 
Sewer Service Area 
TableD - 1. Data matrix for PMF modeling. 
Site Date 
lssCT02 512212004 
lssCT07 511412004 
lssCT07 512212004 
lssCT08 5/14/2004 
lssCT08 5122/2004 
lssCT34 511312004 
lssCT34 512012004 
lssCT56 5113/2004 
lssCT56 5122/2004 
lssCT56 912512005 
lssCT56 311312006 
lssKK01 5/1412004 
lssKK01 5/22/2004 
lssKK01 912512005 
lssKK02 5/1412004 
lssKK02 512212004 
lssKK02 3/13/2006 
lssKK03 5113/2004 
lssKK03 5/2212004 
lssKK03 9/25/2005 
lssKK04 5/14/2004 
lssKK04 5122/2004 
lssLMN 5/1312004 
lssLMN 512212004 
lssLMN 9/26/2005 
lssLMN 311312006 
lssLMS 5/1412004 
lssLMS 512212004 
lssNS04 511312004 
lssNS04 5/2112004 
lssNS04 3/1312006 
lssNS05 5114/2004 
lssNS05 5/2212004 
lssNS06 5/1412004 
lssNS06 512212004 
lssNS06 9/2512005 
lssNS06 3/13/2006 
lssNS07 5/1312004 
lssNS07 5/2112004 
lssNS07 311312006 
BODs 
36 
25 
53 
15 
9.2 
15 
18 
88 
77 
3 
80 
15 
14 
3 
15 
4 
2 
15 
14 
14 
63 
12 
17 
3 
6.7 
4.6 
15 
13 
15 
10 
13 
15 
4 
15 
3 
3 
Pollutant 
TSS NH3 TP Cd Cr Cu Pb Ni Zn 
27 1.3 0.99 0.00085 0.0009 0.0099 0.00125 0.0019 0.049 
66 0.92 0.0017 0.017 0.039 0.053 0.0057 0.13 
43 1.1 0.94 0.00085 0.067 0.017 0.016 0.0034 0.064 
97 0.73 1.2 0.0017 0.025 0.025 0.065 0.0074 0.12 
63 0.57 0.69 0.00085 0.0046 0.015 0.013 0.0023 0.057 
340 1 1.2 0.0017 0.018 0.049 0.16 0.012 0.22 
46 0.78 0.75 0.0017 0.0036 0.018 0.019 0.0028 0.082 
220 1.5 1.3 0.0022 0.016 0.043 0.14 0.012 0.25 
73 1.6 2.4 0.00085 0.0039 0.03 0.017 0.0035 0.082 
37 0.095 0.46 0.0034 0.016 0.026 0.029 0.0087 0.11 
53 0.72 0.84 0.00085 0.008 0.015 0.016 0.0044 0.093 
60 1.3 1.1 0.0017 0.025 0.024 0.036 0.015 0.1 
36 1.5 0.98 0.00085 0.0035 0.011 0.017 0.0024 0.056 
77 0.095 0.61 0.0017 0.013 0.017 0.06 0.0045 0.095 
28 1.4 1.4 0.0017 0.006 0.02 0.015 0.0021 0.06 
31 0.73 0.67 0.00085 0.0023 0.0095 
11 0.4 0.41 0.00085 0.0048 0.007 
170 1.2 1.5 0.0017 0.013 0.045 
26 0.95 0.74 0.00085 0.0028 0.015 
63 0.52 0.58 0.0017 0.013 0.017 
35 2.1 2.9 0.0017 0.0038 0.025 
18 0.74 0.71 0.00085 0.0009 0.016 
73 1 1.4 0.0017 0.0065 0.027 
6.7 0.28 0.54 0.00085 0.0019 0.0081 
28 0.52 0.51 0.0017 0.0083 0.017 
17 0.64 0.47 0.00085 0.0052 0.0078 
67 0.59 5.1 0.0017 0.0059 0.015 
11 1.1 0.8 0.00085 0.0018 0.009 
150 1.1 1 0.0017 0.015 0.047 
28 0.43 0.5 0.0017 0.0027 0.017 
21 0.9 0.87 0.00085 0.0047 0.012 
43 1 1.6 0.0017 0.0071 0.019 
51 0.59 0.57 0.00085 0.0037 0.014 
16 1.2 1.7 0.0017 0.0049 0.014 
18 0.43 0.54 0.00085 0.0043 0.011 
49 0.095 0.48 0.0017 0.01 0.02 
0.0062 0.0019 0.056 
0.0008 0.0015 0.041 
0.16 0.0079 0.19 
0.02 0.0018 0.057 
0.032 0.0046 0.08 
0.0066 0.0034 0.071 
0.0095 0.0021 0.051 
0.057 0.0053 0.11 
0.0042 0.0018 0.023 
0.01 0.0095 0.079 
0.0044 0.0023 0.048 
0.022 0.0063 0.063 
0.0074 0.0016 0.04 
0.045 0.011 0.12 
0.0055 0.0034 0.038 
0.0029 0.0023 0.057 
0.045 0.0044 0.11 
0.029 0.0029 0,075 
0.019 0.0026 0.048 
0.009 0.0027 0.096 
0.027 0.0061 0,07 
2 13 
15 140 
0.39 0.42 0.00085 0.0046 0.01 
0.81 1.1 
0.98 0.87 
1.6 
0.0017 0.019 0.041 
0.0061 0.0014 0.045 
0.094 0.0063 0.14 
20 33 0.0017 0.0028 0.016 0.02 0.0028 0.058 
30 30 0.00085 0.0047 0.0086 0.0074 0.003 0.052 
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Appendix D 
TableD- I (continued) 
Site Date Pollutant 
BODs TSS NH, TP Cd Cr Cu Pb Ni Zn 
lssNS08 5/14/2004 27 170 0.81 2.1 0.0017 0.014 0.053 0.069 0.016 0.15 
lssNS08 5/21/2004 24 73 0.88 0.0017 0.0072 0.029 0.024 0.0053 0.081 
lssNS08 3/13/2006 11 32 0.85 0.73 0.0075 0.0071 0.0099 0.0085 0.0033 0.083 
lssNS09 5/14/2004 15 170 0.45 1.9 0.0022 0.016 0.038 0.2 0.013 0.19 
lssNS09 5/21/2004 6 110 0.32 0.66 0.0017 0.011 0.02 0.045 0.0053 0.084 
lssNS10 5/14/2004 15 31 0.59 1 0.0017 0.0079 0.017 0.016 0.003 0.064 
lssNS10 5/22/2004 8.6 41 1.1 0.68 0.00085 0.0069 0.016 0.011 0.0033 0.069 
lssNS10 9/26/2005 3 37 0.095 0.42 0.0017 0.015 0.022 0.089 0.0036 0.083 
lssNS11 5/13/2004 15 180 0.81 0.0017 0.013 0.04 0.06 0.011 0.14 
lssNS11 5/21/2004 6.4 35 0.43 0.56 0.0017 0.004 0.013 0.014 0.0025 0.063 
lssNS11 3/13/2006 16 21 1.2 0.75 0.00085 0.01 0.013 0.0046 0.0021 0.1 
lssNS12 5/13/2004 15 110 1 1 0.0017 0.0094 0.026 0.35 0.0065 0.15 
lssNS12 5/21/2004 6.4 23 0.39 0.59 0.0017 0.0022 0.0093 0.01 0.0021 0.051 
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